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Abstract 
Persistence of Pesticide Residues and Assessing Organic, Pesticide-free and 
Conventional Management Strategies on Home Lawns and Athletic Fields 
Garrett Lee Maxey 
B.S., University of Missouri Columbia 
Directed by: Dr. Jason Henderson 
The use of pesticides on home lawns and athletic fields is often a contentious issue due 
to concerns regarding human exposure and subsequent negative health impacts. Three studies are 
presented to; 1) evaluate different management regimes for home lawns and athletic fields, 2) 
assess overseeding strategies for non-irrigated, pesticide-free sports fields and 3) quantify the 
persistence of dislodgeable, foliar residue of four commonly used herbicidal active ingredients.   
Results of the home lawn and athletic field management studies indicate that treatments utilizing 
synthetic pesticides had significantly fewer weeds compared to organic and pesticide-free 
treatments. However, when averaged across years and season, percent weed cover did not exceed 
33% for organic or pesticide-free treatments. Differences in weed cover did not result in 
significant desirable species cover retention or excessive surface hardness values. Species 
selection was the most important overseeding factor when overseeding non-irrigated, pesticide-
free athletic fields. Perennial ryegrass had significantly higher color, quality, percent turfgrass 
cover and the lowest percent weed cover compared to tall fescue and Kentucky bluegrass.  
Finally, the dislodgeable, foliar residues decreased with increasing days after treatment. Granular 
formulations had significantly less residue in fewer days after treatment compared to sprayable 
formulations. The highest residues detected were from 2,4D, but equated to 0.6% of EPA’s No 
Observed Adverse Effects Level’ (NOAEL) risk assessment. All dislodgeable residues detected 
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from pesticide applications sharply declined with precipitation in both years and were well below 
the EPA’s NOAEL risk assessment for physical activity on treated turfgrass for children 1 to 2-
years-old. 
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Introduction to Pesticide Bans 
Human exposure to pesticides residues on athletic fields has raised public concern due to 
potentially negative health effects. Research indicates that humans can be chronically exposed to 
low-doses of pesticide residues from a variety of sources (Hill et al., 1989; Roberts et al., 2012). 
The American Academy of Pediatrics states that current epidemiological evidence indicates that 
pesticide exposure can have adverse health consequences for children and minimizing their 
exposure to pesticides should be the goal (AAP, 2012; Gilden et al., 2012; Roberts et al., 2012).  
These health concerns have led to pesticide restrictions on school grounds in 39 states 
(Hurley, 2014). Furthermore, Ontario Canada banned pesticides applied to residential lawns, 
vegetable and ornamental gardens, patios, driveways, parks, and school yards with no exceptions 
on 22 April 2009 (Ministry of Environment, 2009). Effective July 2010, the state of Connecticut 
(CT) banned the usage of pesticides for public and private school athletic fields and grounds 
from Kindergarten through 8th grade to reduce youth exposure risk (State of Connecticut, 2009). 
The state of New York has banned all outdoor pesticides from pre-Kindergarten through 12th 
grade on school grounds, playgrounds, and playing fields effective November 2010 (New York 
Department of Environmental Conservation, 2010). In Montgomery County, Maryland, all EPA 
registered pesticides have been banned on residential lawns on 1 January 2018 (Hall, 2015).  
Common routes of pesticide exposure are from outdoor turfgrass applications that can 
translocate onto indoor surfaces by occupants or airborne infiltration from nearby sprayed lawns 
(Morgan et al., 2008). Furthermore, research has shown that residues from pesticide applications 
can dislodge from turf foliage many hours or multiple days after treatment (DAT) (Bernard et al., 
2001; Harris and Solomon, 1992; Hurto and Prinster, 1993; Krolski et al., 2009; Nishioka et al., 
1996; Nishioka et al., 2002; Sears et al., 1987; Thompson et al., 1984).  
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Mitigating turfgrass pests (weeds, insects and diseases) is important for maintaining 
desirable turfgrass cover and quality. Conventional turfgrass management may include pesticides 
to prevent or control pest populations. Restricting pesticides is a challenge for turf managers who 
have relied on utilizing pesticides to control pest populations on athletic fields. Additionally, 
prior to the implementation of the CT pesticide restrictions, it was noted that school grounds 
managers received less training on pesticide-free (PF) alternative strategies compared to 
traditional methods (Bartholomew et al., 2015; Potter, 2005; Racke, 2000; Miller and Henderson, 
2012). Implementing a PF management strategy can be challenging to maintain turfgrass as 
research shows that it can result in lower turfgrass color, quality, cover and higher weed 
populations compared to turfgrass managed with pesticides (Miller and Henderson, 2012). After 
the CT pesticide ban, turf managers reported that weed and insect infestations were most 
problematic; namely large crabgrass (Digitaria sanguinalis L.), dandelion (Taraxacum officinale 
F. H. Wigg.) and white grubs (Phyllophaga spp. and other related species; Wallace et al., 2016). 
Despite these pests, a survey reported that CT turf managers rarely applied known PF 
management alternative practices after the pesticide ban was enacted (Wallace et al., 2016).  
This could be associated with the cost of PF practices in lieu of pesticides including an 
increase in; labor, seed quantity, and cultural practices (Bartholomew et al., 2015; Calhoun et al., 
2002; Wallace et al., 2016). Based on survey responses, turf managers in CT perceived a 
decrease in overall turfgrass quality due to the pesticide ban (Bartholomew et al., 2015).  
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Chapter 1: The Impact of Organic, No-Pesticide, and Conventional Management Regimes 
on the Performance of Home Lawns and Athletic Fields 
Abstract  
Turfgrass quality is important to most American homeowners and is essential for safe 
playing surfaces on sports fields. At times, pesticides are used to preserve the turfgrass quality 
from damaging levels of pest populations. However, this has become a point of contention with 
concerns of human exposure to pesticide residues. The pressure to reduce pesticide applications 
has resulted in alternative regimens for turfgrass management including Integrated Pest 
Management, organic and pesticide-free. Research has evaluated products and cultural practices 
that are specific to organic and pesticide-free regimens. Limited research, however, is available 
comparing organic, pesticide-free, IPM and conventional methods for home lawns and athletic 
fields. The objectives of this study were to assess the effects of eight management systems on 
cool-season turfgrass in southern New England including; 1) Calendar (CAL), 2) Integrated 
Pesticide Management (IPM), 3) Integrated Systems Management (ISM), 4) Organic High (OH), 
5) Organic Low (OL), Pesticide-Free High (PFH), Pesticide-Free Low (PFL), and 8) Mow-only 
(MO). The high and low for organic and pesticide-free treatments represented the monetary cost 
associated with high and low levels of management inputs. The athletic field study received 50 
simulated traffic events annually. This study showed few significant differences in color and 
quality among treatments that received 196 kg N ha-1. The pesticide-treated group (CAL, IPM 
and ISM) had fewer weeds than the remaining treatments (non-pesticide; NP) during most 
seasons. The IPM management strategy would be recommended on heavily trafficked athletic 
field because of high aesthetic quality and low percent weed cover with a minimal field use 
environmental impact quotient (FUEIQ). Within the Home lawn study, non-pesticide treatments 
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had 28.4% weed cover or more; whereas CAL, IPM and ISM had 1.6% weed cover or less. 
Calendar treatments outperformed OH, OL, PFH, PFL and MO in turfgrass color, quality, 
density and desirable species index (DSI). However, IPM should be heavily considered as a 
home lawn management strategy considering it maintained high aesthetic quality yet it had 85% 
lower FUEIQ than ISM and CAL.  
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Introduction 
Turfgrasses provide functional, recreational and aesthetic benefits but can pose potential 
risks if managed improperly (Beard and Green, 1994). Green spaces within a city, composed of 
turfgrass and trees, can promote relaxation, reduce stress, increase physical activity, reduce air 
pollution (WHO, 2016) and lower ambient air temperatures compared to non-green spaces in 
urban areas (Kjelgren and Montague, 1998; Bowler et al., 2010). Perennial turfgrass cover can 
prevent soil erosion (Durán Zuazo and Rodríguez Pleguezuelo, 2008; Emmons, 2007) and serve 
as a soil carbon sink by sequestering atmospheric carbon dioxide into the soil (Bandaranayake et 
al., 2003; Hamido et al., 2016; Milesi et al., 2005; Qian and Follett 2002; Selhorst and Lal, 2013; 
Zirkle et al., 2011); especially on low maintenance turf (Zirkle et al., 2011).   
Turfgrass areas managed improperly can have potential negative environmental impacts. 
Fertilizer applied incorrectly, particularly nitrogen and phosphorus, can increase the potential for 
nutrient losses from runoff and leaching, which is a major criticism of turfgrass management due 
environmental concerns like eutrophication (Cheng et al., 2014; Guillard and Kopp, 2004; 
Mangiafico and Guillard, 2006; Petrovic, 1990; Rice and Horgan, 2013; Soldat et al., 2017). The 
likelihood of nutrient runoff can be influenced by many factors including turfgrass species, 
turfgrass cover/quality, age of the turfgrass stand, soil nutrient levels, soil 
compaction/permeability, application rate/timing, nutrient source, and soil temperature 
(frozen/nonfrozen) (Beirman et al., 2010; Rice and Horgan, 2017, Frank et al., 2016; Mangiafico 
and Guillard, 2006; Soldat et al., 2017). Nitrogen leaching depends heavily on the age of the 
turfgrass stand with increasing nitrogen losses over time as soil organic matter accumulates 
(Frank et al., 2016; Petrovic, 1990). For example, total annual rates of 196 kg N ha-1 split into 
four applications increased the risk of leaching approximately 10 years after establishment and it 
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was recommended to gradually reduce nitrogen rates thereafter (Frank et al., 2016). Additionally, 
nitrogen requirements can be drastically reduced by returning clippings while maintaining 
quality (Kopp and Guillard, 2002). However, poor fertility management (i.e., not applying when 
needed), can also lead to increased runoff due to reduced turfgrass quality that produces a greater 
runoff depth (Bierman et al., 2010).  
Conventional turfgrass management uses pesticides to prevent or control pest populations 
such as weeds, insects or diseases. However, the use of pesticides is a contentious issue due to 
potential human health concerns. The goal of reducing pesticide applications has been 
implemented in various ways in the turfgrass industry through Integrated Pest Management 
(IPM), pesticide-free and/or organic alternatives. The objective of IPM is to reduce pesticide 
applications by integrating different techniques to avoid, reduce, or minimize the impacts of pest 
populations (Emmons, 2007). Pesticides are allowable under IPM, but only when every 
alternative measure has failed to control pest populations from degrading turfgrass beyond a 
threshold of aesthetic tolerance (Emmons, 2007). However, maintaining turfgrass without 
pesticides such as organic or pesticide-free methods will likely impact turfgrass performance 
(Bartholomew et al., 2015).  
Implementing pesticide-free turfgrass management includes modifications to cultural 
practices, such as mowing, fertility, irrigation and overseeding, to minimize plant stress, 
maximum turfgrass resilience to invasive pests (Portmess et al., 2009), and maximize the 
population of desirable turfgrass species. The combination of proper mowing and fertility 
practices can have significant impacts on turfgrass quality. Cool-season turfgrass maintained 
with 150 kg N ha-1 yr-1 and cut to 10 cm had 75% lower white clover (Trifolium repens L.) and 
dandelion (Taraxacum officinale F. H. Wigg.) populations than the untreated control and 30% 
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fewer dandelion coverage than a 5 cm mowing height of cut without fertilizer (Calhoun et al., 
2005). Similarly, increasing the mowing height from 3.8 cm to 6.3 cm on pesticide-free turf 
resulted in lower white clover populations in perennial ryegrass (Lolium perenne L.) (Miltner et 
al., 2005). In another study, increasing the height of cut and applying ammonium sulfate on tall 
fescue (Festuca arundinacea Scheb.) and Kentucky bluegrass (Poa pratensis L.; i.e. to reduce 
soil pH) reduced the size and density of masked chafers (Cyclocephala spp.) (Potter et al., 1996).  
Modifying cultural practices can potentially improve turfgrass quality and reduce the 
encroachment of damaging pest populations. For example, Connecticut turfgrass managers 
reported that after pesticide bans took place, large crabgrass (Digitaria sanguinalis L.) and white 
grubs (Phyllophaga spp. and other related species) were common pests (Wallace et al., 2016). 
Both of which have pesticide-free alternatives of control. Studies show that crabgrass 
germination, among many other weeds, may be controlled pre-emergently by fertilizing with 
corn gluten meal (Bingaman and Christians, 1995; Christians, 1993) and corn gluten hydrolysate 
(Lui and Christians, 1997; Lui et al., 1994; McDade and Christians, 2001). For example, corn 
gluten hydrolysate reduced large crabgrass germination 94% when applied at 4 g dm-2 (Lui and 
Christians, 1997), while corn gluten meal reduced germination 82% at 9730 kg ha-1 (Bingaman 
and Christians, 1995). However, corn gluten meal can prevent the germination of desirable 
turfgrass species which makes its use very challenging during spring reestablishment efforts. 
Commercial interest has grown for promising pesticide-free alternatives to controlling 
insect populations including entomopathogenic nematodes (predominately Heterorhabditis 
bacteriophora) (Hb) (Georgis et al., 2006; Grewal et al., 2004; Helmberger et al., 2018; Kaya 
and Gaugler, 1993) and the bacterium Bacillus thuringiensis galleriae (Btg) (Asano et al., 2003; 
Hubble-Wirgler and Sutherland, 2017). Based on application timing and environmental 
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conditions, Hb nematodes reduced P. japonica and C. borealis populations by 34-97% (Grewal 
et al., 2004). Applying nematodes, however, is impractical without an irrigation system and the 
efficacy is sensitive to many environmental conditions (Grewal et al., 2004; Shapiro-Ilan et al., 
2006). The granular form of Btg is highly toxic to cupreous chafer (Anomala cuprea; Asano, et 
al., 2003), and is shown to control white grub populations (Phyllophaga spp. and other related 
species) with similar efficacy to Acelepryn G (chlorantraniliprole 0.2%, Syngenta Crop 
Protection, Greensboro, NC) (Hubble-Wingler and Sutherland, 2017). Regardless of alternative 
pesticides, proper irrigation regimens to avoid saturated soil conditions during adult flight 
periods can reduce the risk of white grub infestation (Allsopp et al., 1992; Potter et al., 1996). 
Maintaining high turfgrass density is imperative to the playability and safety of athletic 
field playing surfaces. The cultural practice of aggressively overseeding has been widely 
recommended as an effective means to increase turfgrass cover retention for athletic fields 
(Elford et al., 2008; Harper et al., 2016; Miller and Henderson, 2012; Minner et al., 2008). Less 
research, however, has been conducted on organic and pesticide-free management of athletic 
fields. One two-year study evaluated cool-season turfgrass under simulated athletic field 
conditions that compared organic and conventional turfgrass management strategies (Miller and 
Henderson, 2012). Conventional treatments consistently produced higher color/quality and fewer 
weeds compared to organic treatments (Miller and Henderson, 2012). However, results also 
showed that aggressively overseeding trafficked athletic fields can improve turfgrass cover and 
reduce weed populations regardless of management strategies (Miller and Henderson, 2012).  
Long term studies evaluating the efficacy of pesticide-free and/or organic methods of 
turfgrass management are lacking. The current research evaluates the efficacy of multiple 
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turfgrass management regimes on home lawns and athletic fields including pesticide-free, 
organic, conventional and IPM.  
 The objectives of this study were to: 1) assess the effects of eight management systems 
on (i) turfgrass color and quality, (ii) percent cover, (iii) weed populations and (iv) surface 
hardness when managed as an athletic field, and 2) assess the effects of eight management 
systems on (v) turfgrass color and quality, (vi) percent cover, and (vii) weed populations when 
managed as a home lawn.  
 
Materials and Methods 
Two field studies were separated into an athletic field and home lawn study at the 
University of Connecticut Plant Science Research and Education Facility in Storrs, CT. The 
studies were conducted on a Paxton fine sandy loam (coarse-loamy, mixed, active, mesic Aquic 
Dystrudepts) with each study measuring 58 m × 30 m. The studies were originally seeded 20 
Sept. 2013. Each study was watered as needed to prevent drought stress.  
Both studies were arranged as a randomized complete block design in three replications 
with individual plots measuring 6 m × 9 m. The athletic field and home lawn studies compared 
eight turfgrass management systems: 1) Calendar (CAL), 2) Integrated Pesticide Management 
(IPM), 3) Integrated Systems Management (ISM), 4) Organic High (OH), 5) Organic Low (OL), 
Pesticide-Free High (PFH), Pesticide-Free Low (PFL), and 8) Mow-only untreated control (MO). 
Each turfgrass management strategy followed a specific program. The calendar-based strategy 
followed a step by step program that used pesticides and synthetic fertilizers based on application 
timing. The IPM strategy utilized monitoring for thresholds to manage pests and received 
synthetic fertilizers. Integrated Systems management utilizes the principle of prevention by 
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applying pre-emergent crabgrass control and insecticides to prevent infestations by using the 
least potentially harmful products. These treatments were compared by field use environmental 
impact quotient (FUEIQ) values detailed in Table 1.1 (Kovach et al., 1992).  
The organic management strategies received only organically sourced plant protection 
products and fertilizer. The pesticide-free management strategies were managed without 
pesticides following current Connecticut law, but utilized synthetic fertilizers. The organic and 
pesticide-free strategies consist of a high and low level of management. Recommendations for a 
homeowner or turfgrass manager to maintaining turfgrass organically or pesticide-free can vary 
based on budgetary or time constraints. The high and low level treatments represented the inputs 
associated with differing levels of management intensity. The organic high treatment was the 
only management strategy to receive compost applications detailed in Table 1.2.  
Treatments were evaluated qualitatively and quantitatively for both the home lawn and 
athletic field studies. Data were collected monthly from May through November since spring 
2014. Each study evaluated turfgrass quality, color, and density. Quality, color and density were 
visually rated based on a scale from 1 to 9. Where 1 represented the lowest turfgrass quality, 6 
equaled the minimally acceptable quality, and 9 equaled the optimum quality rating. Digital 
image analysis (DIA) (Karcher and Richardson, 2005; Richardson et al., 2001) was used to 
calculate percent cover and dark green color index (DGCI) based on a digital image taken in a 
controlled light environment (Karcher and Richardson, 2003). The average of three digital 
images per plot were quantified through Sigma Scan (Cranes Software International Ltd. 
Chicago, IL. 1991). The percent weed cover was averaged from a grid (0.6 m × 1.7 m), with 240 
intersections, that was placed on the turf in six locations within each plot. Percent weed cover 
was calculated by dividing the sum of intersections with weeds underneath by the total 
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intersections.  Volumetric water content (VWC) measurements were collected using a Field 
Scout TDR 300 (Spectrum Technologies, Inc. Plainfield, IL) soil probe to a depth of 7.5 cm. Ten 
locations per plot were measured and then averaged. Additionally, normalized difference 
vegetative index (NDVI) data were collected using a Field Scout TCM 500 (Spectrum 
Technologies, Inc. Plainfield, IL). Fifteen locations per plot were measured and then averaged.  
The athletic field study was also assessed for surface hardness, rotational traction, and 
percent annual bluegrass (Poa annua L.) cover. Surface hardness was quantified with a 2.25 kg 
Clegg Impact Soil Tester (Lafayette Instrument Co., Lafayette, IN) and averaged from 18 
locations per plot (ASTM, 2010). Surface hardness was measured on three dates in 2016, and 
monthly in 2017 and 2018. Starting in 2017, Rotational traction was measured monthly using a 
47.8 kg Canaway traction apparatus (Canaway and Bell, 1986) and averaged from six locations 
per plot.  
An additional evaluation was generated based on the qualitative assessments of color, 
quality and density to make the desirable species index (DSI) (Campbell, 2017). This index 
incorporates color, quality, density, and mean percent weed cover into a value that can more 
accurately define a desirable species. The DSI was calculated as (mean visual color × mean 
visual quality × mean visual density × [100–mean percentage visual weed cover]/10,000) 
(Campbell, 2017). The percent weed cover variable was incorporated into the equation to count 
as a penalty towards the DSI.  
Soil samples were collected 10-15 cm deep from each plot in 2014 through 2018 in 
spring from April to May. Samples were analyzed at the University of Connecticut, Department 
of Plant Science Soil Nutrient Analysis Laboratory for soil nutrient content including; pH (1:1 
water:soil), extractable calcium (Ca) magnesium (Mg), phosphorus (P2O5), and potassium (K2O) 
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using the modified-Morgan extraction method and measured by stannous chloride method 
colorimetry (University of Delaware, 2011). 
An analysis of variance was completed to test for significant treatment effects (P <0.05) 
using the Mixed procedure in SAS statistical software 9.4 (SAS Institute, 2013). When 
significant source effects were obtained, means were separated using Fisher’s protected least 
significant difference test (LSD). Data were tested for violations of assumptions for parametric 
analyses (normality of residuals, homogeneity of variance, and non-additivity). Most dependent 
variables violated assumptions of the additive model and/or homogeneity of variance and 
normality. Each data variable was transformed by either log10, squared, cubed, or reciprocal if 
necessary prior to statistical analysis. The analysis of variance and LSD means separation test 
were based on the transformed data where applicable, however, the means presented were 
converted back to the original state for the results. For the analysis of variance model, season 
was considered a fixed effect and year was considered a random effect. Data collected during 
May and June, July and Aug., and Sept. through Nov. represented Spring, Summer and Fall, 
respectively. Individual dates within these time periods were pooled within seasons, and the 
means were used for the analysis of variance. Data was separated into groups for contrast 
comparisons between pesticide-treated (PT), non-pesticide (NP) and control. The PT group 
contained CAL, IPM and ISM whereas OH, OL, PFH and OL comprised the non-pesticide 
group. The results of soil testing for treatments considered years a fixed effect for the analysis of 
variance model and testing for significant treatment effects in the same method previously 
described.  
 
Athletic Field Management   
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The athletic field study area was seeded to 70% Kentucky bluegrass and 30% perennial 
ryegrass by weight. The area was originally seeded on 20 Sept. 2013 with a mixture of 35% 
‘America’ Kentucky bluegrass (Poa pratensis L.), 35% ‘Granite’ Kentucky bluegrass, 15% 
‘Karma’ perennial ryegrass (Lolium perenne L.), and 15% ‘Fiesta 4’ perennial ryegrass (% by 
weight). This study was mowed at 6.4 cm twice a week with a zero-turn rotary mower (Scag 
Power Equipment, Mayville, WI) from April through November each year. The athletic field 
received irrigation to prevent drought stress and to water incorporate of treatments if necessary. 
The athletic field study was subjected to simulated athletic field traffic using a modified Toro 
Pro Core 648 based on the Cady Traffic Simulator (Henderson et al., 2005). Each simulated 
traffic event consisted of two perpendicular passes over the entire athletic field study that started 
in May and concluded in November each year. Due to the intensity of the Cady Traffic 
Simulator’s impact on the soil surface, break downs often impeded the goal of three traffic 
events each week. Total traffic events varied each year with; 58.5 events in 2016, 39.5 events in 
2017, and 53 events in 2018. Table 1.3 contains the complete list of applications for each 
management strategy.  
 
Home Lawn Management  
The home lawn research area was seeded to 60% Kentucky bluegrass, 20% perennial 
ryegrass and 20% fine fescue (% by weight). It was originally seeded on 20 Sept. 2013 with a 
mixture of 30% ‘America’ Kentucky bluegrass, 30% ‘Granite’ Kentucky bluegrass, 10% 
‘Karma’ perennial ryegrass, 10% ‘Fiesta 4’ perennial ryegrass, 10% ‘Winward’ Chewings fescue 
(Festuca rubra L. ssp. commutata), and 10% ‘Garnet’ creeping red fescue (Festuca rubra L.) (% 
by weight). The home lawn research area was mowed once per week at 8.9 cm height of cut with 
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a zero-turn rotary mower (Scag Power Equipment, Mayville, WI), which began in April and 
continued through November of each year.  The home lawn research area received irrigation to 
prevent drought stress and post applications to treatments if necessary. Table 1.4 contains the 
complete list of applications of each management strategy.  
 
Results 
Athletic Fields 
Qualitative Turfgrass Color  
A significant treatment × season interaction was observed for qualitative turfgrass color 
(Table 1.5). In the spring, CAL outperformed OH, PFL, and MO. In the summer, OL had 
significantly higher color than IPM, PFH and MO. In the fall, OH was significantly higher than 
IPM, PFL and MO (Table 1.6). Across seasons, all treatments receiving inputs were higher than 
MO. Across seasons, all treatments expect MO had values above the minimally acceptable color 
of 6 across seasons (1 to 9 scale). 
 
Qualitative Turfgrass Quality  
Treatment effects were observed for qualitative turfgrass quality for the spring season 
only (Table 1.5 and 1.6). Few notable differences in quality between treatments were observed. 
Treatment main effects were not statistically different, but ISM and OH were the only treatments 
to maintain minimum acceptable quality ratings across seasons. ISM treatments in the spring had 
significantly higher quality than PFL and MO. All treatments were below the minimum quality 
rating for summer and fall with the exception of OH treatments in the fall.  
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Qualitative Turfgrass Density 
 No significant differences were observed in qualitative density (Table 1.5). Although 
statistically insignificant (P-value 0.08), OH had a density rating across seasons of 6.3, whereas 
IPM and MO were at 5.0. All other treatment were between 5.3 and 5.8 across seasons (data not 
shown).  
 
Percent Weed Cover  
 A significant treatment effect was observed in percent weed cover (Table 1.5 and 1.7). 
However, a significant treatment × season interaction was also observed. Across seasons, IPM 
and ISM were significantly lower in weed cover than the remaining treatments but statistically 
equivalent to CAL. During the spring, OL, PFL, and MO had higher weed cover compared to 
summer and fall (Figure 1.1). However, CAL, IPM, ISM, OH and PFH showed no differences in 
weed cover across seasons.  
 
Percent Poa Cover 
 Significant treatment and season effects were observed for percent Poa annua cover 
(Tables 1.5, 1.8 and 1.9). Organic High was higher in P. annua than the remaining treatments at 
6.4%, whereas IPM had significantly less P. annua cover than OH, ISM and MO with 1.2% 
(Table 1.8). More P. annua cover was observed during the spring compared to summer and fall 
(Table 1.9). Few other significant differences were found. It should be noted that data analysis 
was only based on a total of four collection dates starting in 2018.  
 
Desirable Species Index (DSI) 
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 No significant differences were observed for DSI (Tables 1.5 and 1.10).  
 
Percent Green Cover  
 A significant treatment × season interaction was observed for percent green cover (Tables 
1.5 and 1.11). Only the summer season was significant but with minimal differences between 
treatments. Organic High had significantly higher percent green cover than CAL, IPM, ISM, and 
PFH, but similar to OL, PFL and MO. Unexpectedly, MO was significantly higher than IPM as 
well.  
 
Dark Green Color Index (DGCI) 
 No significant differences in DGCI were observed (Tables 1.5 and 1.11).   
 
Normalized Difference Vegetative Index (NDVI)  
 No significant treatment main effects were observed in NDVI (Table 1.5; data not 
shown).  
 
Volumetric Water Content (VWC) 
 A significant treatment × season interaction was observed in VWC (Tables 1.5 and 1.12). 
Treatments across seasons resulted in no significance differences with values ranging between 
28.0 to 29.4% for OL and IPM/ISM, respectively. During the spring, OL had significantly lower 
VWC than IPM, ISM, OH and MO.  
 
Surface Hardness  
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 A significant treatment × season interaction was observed for surface hardness (Tables 
1.5, 1.13 and Figure 1.2). No differences between treatments were observed in the spring and 
summer. However, in the fall, MO treatments had significantly higher surface hardness 
compared to every treatment except OL and PFL.  
 
Rotational Traction 
 No significant differences in rotational traction were observed (Table 1.5). Across 
seasons, treatment differences were minimal. Generally, the lowest rotational traction was 
observed in the fall compared to the spring and summer (data not shown).  
 
Athletic Field Contrasts 
 A significant group effect was observed between PT and NP for every data category with 
the exception of Poa annua, DGCI, VWC, and traction (Table 1.14). Furthermore, significant 
group effects were observed within PT and NP (Table 1.14). The results show that PT and NP 
were statistically similar in color, quality, DSI, and surface hardness (Table 1.14). The NP 
treatments had higher density, quantitative percent green cover, and NDVI than PT (Table 1.14). 
The PT group was lower in percent weed cover than NP and control (Table 1.14). Within PT, 
CAL had significantly higher percent weed cover than ISM and IPM (Table 1.14). Within NP, 
PFL had the highest percent weed cover followed by OL at 16.6% and 14.8%, respectively 
(Table 1.14). Organic high treatments had significantly higher percent Poa annua populations 
than OL, PFH and PFL (Table 1.14).  
 
Home Lawn 
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Qualitative Turfgrass Color  
 A significant treatment effect and a significant treatment × season interaction were 
observed for qualitative turfgrass color (Tables 1.15 and 1.16). Across seasons, CAL, IPM and 
ISM had higher color ratings than the other treatments. During the spring, CAL and ISM had a 
darker color than the other treatments. In the summer, no treatments fell below an acceptable 6, 
but CAL, IPM and ISM had higher color ratings than OH and MO. During the fall, CAL 
treatments outperformed the remaining treatments except for ISM at 8.1 and 7.8, respectively. 
The fall also resulted in IPM displaying higher color than OL, PFL and MO. All treatments were 
above the minimally acceptable turfgrass color rating of 6 for every season with the exception of 
PFL and MO in the spring.  
 
Qualitative Turfgrass Quality 
 A significant treatment effect and a significant treatment × season interaction was 
observed for qualitative turf quality (Tables 1.15 and 1.17). Across seasons, CAL and ISM had 
significantly higher quality than IPM. All three aforementioned treatments were higher in quality 
than OH, OL, PFH, PFL, and MO. The fall had the highest quality ratings compared to spring 
and summer with CAL at 8.4 (1 to 9 scale), which was higher than every treatment with the 
exception of ISM. Every treatment, including MO, was above the minimally acceptable quality 
rating of 6 during the fall.  
 
Qualitative Turfgrass Density 
 A significant treatment effect and significant treatment ×season interaction were observed 
for qualitative turfgrass density (Tables 1.15 and 1.18). No treatments resulted in values below 
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the minimally acceptable density rating of 6 within or across season. Across seasons, CAL, IPM 
and ISM were higher in density than the remaining treatments with the exception of IPM. All 
aforementioned treatment differences were exactly the same for the summer season. However, 
during the fall, CAL, IPM and ISM were higher in density than OH, OL, PFH, PFL and MO.  
 
Percent Weed Cover  
 Significant treatment and season effects were observed for percent weed cover (Tables 
1.15, 1.19 and 1.20). Across seasons, CAL had significantly lower weed cover than all other 
treatments with the exception of ISM (Table 1.19). Calendar, IPM and ISM had a percent weed 
cover of 1.6% or less while the remaining treatments had 30.3% or higher (Table 1.19 and Figure 
1.3). Across treatments, percent weed cover changed by season with similar values in the spring 
and summer, but lower weed populations in the fall (i.e. the fall was 8.4% less than the spring) 
(Table 1.20).  
 
Desirable Species Index  
 A significant treatment effect and a significant treatment × season interaction were 
observed for DSI (Tables 1.15 and 1.21). Calendar, IPM and ISM had higher DSI than the 
remaining treatments in the spring, summer and fall. Across seasons, IPM had significantly 
lower DSI than CAL and ISM, but higher than the remaining treatments. Pesticide-Free High 
was only significantly higher than MO. During the spring, IPM was significantly lower in DSI 
than CAL and ISM, but higher than OH, OL, PFH, PFL, and MO. The summer and fall had 
identical treatment differences with CAL, IPM and ISM showing higher DSI than the remaining 
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treatments. Across seasons, no benefit was observed in DSI values between the high and low 
versions of organic and pesticide free treatments.  
 
Percent Green Cover 
 A significant treatment effect and significant treatment × season interaction were 
observed for percent green cover (Tables 1.15 and 1.22). The significant differences between 
treatments across seasons and within the summer were identical (Tables 1.22 and Figure 1.4). 
Across seasons, OH, PFH and MO had significantly higher percent green cover than CAL, IPM 
and ISM (Figure 1.4). Additionally, OL and PFL were higher than IPM, which was the lowest 
performing treatment across seasons and within the summer. Lastly, OL displayed similar 
percent green cover to PFL and CAL, but significantly higher than ISM. During the spring, 
however, CAL, IPM and ISM were similar, but significantly lower in percent green cover than 
OH, OL, PFH, PFL and MO. The fall showed no significant differences with percent green 
between 94.1 to 96.4% (Table 1.22).  
 
Dark Green Color Index (DGCI) 
 A significant treatment effect and a significant treatment × season interaction were 
observed for DGCI (Tables 1.15 and 1.22). With the exception of the summer, CAL had 
significantly higher DGCI than PFL and MO. Most treatments, however, were similar in DGCI 
across seasons.  
 
Normalized Difference Vegetation Index (NDVI) 
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 A significant treatment effect was observed for NDVI (Tables 1.15 and 1.23). Organic 
High had significantly higher NDVI than CAL, IPM, ISM and PFL. Additionally, OL, PFH and 
MO were significantly higher than IPM across seasons. 
 
Volumetric Water Content (VWC) 
 A significance treatment effect and a significant treatment × season interaction was 
observed for VWC (Tables 1.15 and 1.24). Across seasons, OH, PFL and MO were significantly 
higher in VWC than the remaining treatments with the exception of OL and PFH. The lowest 
VWC readings across seasons was ISM (22.1% water by volume). During the spring, CAL, IPM 
and ISM were similar, but significantly lower in VWC than the remaining treatments.  
 
Home Lawn Contrasts  
 A significant group effect was observed for every data category between PT and NP with 
the exception of DGCI (Table 1.25). Furthermore, significant group effects were observed within 
PT and NP (Table 1.25). The PT group performed higher than NP in color, quality, density, DSI, 
and lower in percent weed cover (Table 1.25). Non-pesticide treatments were higher in 
quantitative percent cover, NDVI and VWC than PT (Table 1.25). Within PT, CAL and ISM 
were higher than IPM in quality, DSI and lower in percent weed cover (Table 1.25). 
Furthermore, CAL had higher color and DGCI than IPM treatments (Table 1.25). Within NP, 
OH and PFH was significant higher in DGCI than PFL (Table 1.25).  
 
Soil Test Analysis – Athletic Field and Home Lawn 
pH  
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No significant differences in soil pH were observed for athletic fields or home lawns 
(Table 1.26 and Table 1.27). However, a significant yearly effect was found for both studies that 
showed an increase in pH in both studies from 2014 to 2018 (Table 1.28). Across years, 
treatment pH was between 6.5 and 6.7 for the athletic field and between 6.3 and 6.4 for the home 
lawn treatments.  
 
Extractable Calcium (Ca) 
 No significant differences in extractable Ca were observed in the athletic field or home 
lawn (Table 1.26 and Table 1.27). However, significant yearly main effects were significant that 
showed a decrease in calcium in both studies from 2014 to 2018 (Table 1.29). Across years, the 
athletic field’s range of extractable Ca for OL and IPM was 2056 to 2656 kg ha-1, respectively. 
Similarly, the range of extractable Ca for the home lawn treatments of OL and ISM was between 
1459 and 1709 kg ha-1.  
 
Extractable Magnesium (Mg) 
 A significant treatment × season in extractable Mg was observed for the athletic field, but 
no significant treatment differences were observed for the home lawn (Table 1.26 and Table 
1.27). Significant yearly effects were observed for the home lawn and athletic field. The athletic 
field decreased significantly in magnesium from 2014 to 2018 with 274 and 195 kg ha-1, 
respectively (Table 1.30). The home lawn also significantly decreased in magnesium from 255 
and 158 kg ha-1 in 2014 and 2018, respectively (Table 1.30). Extractable Mg was significant 
between treatments within 2017 and 2018. In 2017, the athletic field PFL was the only treatment 
to have significantly more extractable Mg than the remaining treatments. In 2018, the athletic 
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field OL and PFH were lower than IPM, OH and MO, but similar to CAL, ISM and PFL. Across 
years, the athletic field had a range from 239 to 275 kg Mg ha-1, whereas the home lawn was 
from 206 to 205 kg ha-1.  
 
Extractable Potassium (K2O)  
 A significant treatment × season in extractable K was observed for the home lawn, but no 
significant differences were observed for the athletic field (Table 1.26 and Table 1.27). 
Significant yearly effects was observed for both studies. The athletic field decreased from 317 to 
259 kg ha-1 potassium from 2014 to 2018 (Table 1.31). The home lawn also decreased 
significantly from 396 to 186 kg ha-1 potassium from 2014 to 2018 (Table 1.31). Pesticide-free 
low had higher extractable K than OH, OL and PFH, but similar amounts to CAL, IPM, ISM and 
MO. Additionally, CAL, IPM, ISM, and MO were higher than OH and OL for the home lawn in 
2018. Across years, extractable K ranged from 272 to 314 kg ha-1 for home lawn, whereas 262 to 
344 kg ha-1 for the athletic field.  
 
Extractable Phosphorus (P2O5) 
 No significant differences in extractable P were observed for the athletic field or home 
lawn (Table 1.26 and Table 1.27). However, significant yearly main effects were observed for 
both studies. The athletic field resulted in the highest phosphorus levels in 2014 compared to 
every other year (Table 1.32). The home lawn had significantly higher phosphorus levels in 2017 
compared to every other year (Table 1.32). Across years, the athletic field treatments with the 
highest and lowest extractable P were IPM and OL at 29 and 11.5 kg ha-1, respectively. The 
home lawn had less P than the athletic field with an overall range from 7.3 to 8.2 kg ha-1.  
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Organic Matter  
 No significant differences in organic matter (OM) were observed in the athletic field or 
home lawn (Table 1.26 and Table 1.27). The ISM treatment had the highest overall percent OM 
at 62 g kg-1 with the lowest of IPM at 50 g kg-1. Home lawn had a narrower range between 54 g 
kg-1 OM for MO and 48 g kg-1 OM for PFH.  
 
Discussion  
Athletic Field  
 Despite receiving an average of 50 traffic events per growing season from 2016 to 2018, 
every treatment maintained a minimally acceptable color rating of (6 of 9) with the exception of 
MO across seasons (Table 1.6). Assessments of quality and density, however, are more 
dependent on turfgrass cover loss from trafficking than color. The quality of all treatments was 
lower in the summer and fall compared to the spring (Table 1.6), which suggests that the 
accumulation of traffic reduced turfgrass quality throughout the growing season.  
 The results showing CAL, IPM and ISM had consistently fewer weeds than most 
treatments was predictable considering these treatments receive herbicide applications to control 
weed populations (Table 1.3 and Table 1.7). The PT group had 80% fewer weeds than the NP 
group in percent weed cover (Table 1.14). However, it is important to recognize that PFH and 
OH weed populations were similar to CAL in the summer and fall (Table 1.7) whilst contributing 
a zero in FUEIQ compared to 275 for CAL treatments in the past three years (Table 1.1). This 
might suggest that reoccurring herbicide applications in this study provided no advantage in 
weed populations compared to pesticide-free and organic management strategies from July 
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through Nov. However, it should be noted that the athletic field has an unusually low crabgrass 
weed pressure. The overall low percentage of weed cover from trafficking is supported by 
previous research that indicated weed populations will lose green cover faster than turfgrass in 
trafficked conditions (Brosnan et al., 2014). This suggests that herbicide applications to control 
weed populations in heavily trafficked athletic fields may yield minimal to no benefit in turfgrass 
quality, particularly in the fall (Table 1.7).  
 The quantitative percent green cover for NP was significantly higher than PT groups with 
83.2 and 77.1%, respectively (Table 1.14). More specifically, summer months for OH, OL, PFL, 
and MO that were significantly higher than IPM (Table 1.11), which were unexpected and could 
be associated with a variety factors. It should be reminded that percent green cover is derived 
from digital image analysis which does not differentiate between turfgrass and weed cover. 
Pesticide use, seeding rate, seeding frequency and cultural practices were slightly different for 
CAL, IPM and ISM compared to organic and pesticide-free treatments (Table 1.3). Organic High 
and PFH received one additional PRG overseeding application in July (146 kg ha-1) than to CAL, 
IPM and ISM in 2017 and 2018 (Table 1.3). Research has shown that aggressively overseeding 
trafficked turfgrass can increase cover retention regardless of management strategy (Miller and 
Henderson, 2012). However, CAL, IPM and ISM still received substantial PRG overseeding 
with rates of 1316 and 1514 kg ha-1 for 2017 and 2018, respectively (Table 1.3).  
The discrepancy in performance could be explained in part to pesticide use itself. Seven 
weeks after seeding 879 kg ha-1 of PRG in 2017, CAL, IPM and ISM received an application of 
T-Zone at 0.5 ml ha-1 (Table 1.3). In 2018, SpeedZone was applied at 0.5 ml ha-1 to CAL and 
ISM seven weeks after overseeding with PRG (Table 1.3). Both herbicide applications were 
applied according to the label instructions for spraying newly seeded areas. It was observed in 
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2017, however, that this herbicide caused turfgrass injury to the CAL, IPM and ISM treatments. 
This may have affected the results of percent green cover, color, quality and density. Research 
shows that PRG can germinate under traffic conditions (Elford et al., 2008; Harper et al., 2016; 
Miller and Henderson, 2012; Minner et al., 2008), however, the consistent traffic stress likely 
stunted the rate PRG turfgrass establishment and made it susceptible to injury despite label 
instructions. The results suggest that pesticide-use on heavily overseeded athletic fields could 
place inadvertent stress on the turfgrass.   
Treatment differences in nitrogen fertility could be a significant source of differences 
detected in color and quality. As the name implies, organic treatments only received nitrogen 
from organic sources (Table 1.3). More specifically, OH is the only treatment with leaf compost 
applications (Table 1.2 and 1.3). Nitrogen from organic sources will slowly become plant 
available compared to fertilizers containing fast release nitrogen formulations (Blume et al., 
2009). The slow release of nitrogen from organic sources is highly affected by environmental 
factors like soil moisture and temperature for microbial activity (Blume et al., 2009). Moreover, 
the potential of nitrogen loss due to denitrification, leaching or runoff may have been lessened 
with the slower release of organic fertilizer (Cheng et al., 2014; Guillard and Kopp, 2004; 
Petrovic, 1990). If the organic treatments were less susceptible to nutrient losses and 
mineralization coincided with active turfgrass growth, it could explain the differences of organic 
treatments in color and quality by season (Table 1.6). In other words, organic fertilizer could 
result in nitrogen delivery (i.e. mineralization) based on seasonal needs for plant growth without 
nitrogen losses. The results suggest that organic formulations of fertilizer may be beneficial to 
turfgrass for mineralization potential.  
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 Regardless of seasonal effects, surface hardness measurements were within the safety 
standards (Baker et al., 2007; ASTM, 2007) (Table 1.13). It should be noted that VWC readings 
for the summer and fall had relatively high percent soil water by volume with readings 
consistently over 30% (Table 1.12), which likely reduced the surface hardness measurements. 
Differences were detected in surface hardness between treatments in the fall despite high VWC 
readings treatment-wide (Table 1.12 and 1.13). This is interesting considering the summer and 
fall VWC readings were similar and moreover, summer months had the highest overall surface 
hardness with no significance differences (Table 1.13). Most likely, the additional variable 
affecting surface hardness was turfgrass cover (Brosnan et al., 2014). MO treatments in the fall, 
for example, exhibited higher surface hardness measurements than every treatment and showed 
the least percent green cover (Table 1.11 and 1.13).  
 The results indicate that PT groups were lower in percent weed cover and higher in DSI 
than NP, however, PT groups were consistently lower in green cover density (Table 1.14). Based 
on the results of this study, IPM treatments would be recommended to heavily trafficked athletic 
fields turfgrass because it maintained aesthetic quality and minimal weed coverage despite being 
90% lower in FUEIQ than ISM and CAL treatments. Organic and Pesticide-free treatments could 
sustain acceptable athletic field turfgrass performance, however, higher weed populations in NP 
groups may be more susceptible to athletic field traffic degradation compared to PT (Table 1.14). 
Regardless of management strategy, the evidence suggests that turfgrass managers should 
implement aggressive and repetitive overseeding to improve turfgrass cover and quality, 
especially if under pesticide restrictions.  
 
Home Lawn  
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 The PT consistently outperformed the remaining treatments in nearly every data set 
collected including over double DSI values for PT than NP treatments (Table 1.25). This 
suggests that these treatments are more suitable as a management strategies to produce the 
highest level of desirable turfgrass. The lower scores for OH, OL, PFH, PFL and MO can be 
attributed to their weed populations. The percent weed cover for all treatments, aside from CAL, 
IPM and ISM, shows that significant weed pressure does exist, e.g. MO had 37.8% weed cover 
(Table 1.19). This speaks to performance of IPM treatments considering the FUEIQ value for 
IPM was a 10% of CAL and ISM, yet it only had 1.0% more weed cover than CAL (Table 1.19). 
These results are supported by a similar study that indicated IPM met acceptable color and 
quality for golfers despite fewer pesticides than conventional methods (Rossi and Grant, 2009).  
The home lawn resulted in minimal significant differences between high and low level 
management strategies (Table 1.25). Comparing treatments within the non-pesticide group 
showed that PFL was significantly lower than PFH in DGCI (Table 1.25). The high and low 
levels of organic management made no difference in color, quality, density and DSI (Table 1.16, 
1.17, 1.18, and 1.21). The PFH treatments, however, were significantly higher than PFL for color 
in the spring, quality in the fall, and both ratings across season (Table 1.16 and 1.17). The high 
and low organic treatments were statistically similar for every data collected despite OL 
receiving a third of the yearly nitrogen compared to OH (Table 1.4). Moreover, OL and PFL 
treatments retained minimally acceptable color and density (6 of 9) across seasons, with the 
exception of PFL color in the spring (Table 1.16 and 1.18). For this particular study and soil 
type, only 49 kg N ha-1 yr-1 was necessary for minimally acceptable turfgrass color and density 
for home lawns maintained pesticide-free and organically. This suggests that the input levels of 
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organic and pesticide-free management strategy had little impact on the results on this home 
lawn study.  
 The quantitative measurements for percent green cover showed that CAL, IPM and ISM 
were consistently less than or similar to the remaining treatments (Table 1.22). This does not 
match the visual density ratings (Table 1.18), however, percent green cover does not differentiate 
green cover for desirable turfgrass and weed cover. Across seasons, OH treatments were 
significantly higher in NDVI than CAL, IPM, ISM and PFL (Table 1.23). The range of NDVI 
measurements, however, was from 0.740 to 0.749 for IPM and OH, respectively (Table 1.23), 
which does not appear to possess biological significance. Nevertheless, the percent green cover 
and NDVI data indicated that all treatments exhibited high measurements, which is interesting 
given MO received zero fertilizer (Table 1.4). This could be attributed to the cultural practice of 
returning clippings. Kopp and Guillard (2002) found that returning clippings can reduce turfgrass 
nitrogen fertility up to 50% or more. Additionally, the mineralization potential of the organic 
matter levels in the Paxton fine sandy loam soil may have benefited turfgrass growth (Table 
1.33). Based on the VWC measurements (Table 1.24), the soil seemed to drain moderately well  
which likely facilitated mineralization. These factors could help explain the relatively strong 
performance of MO in percent green cover, NDVI, color and density despite receiving zero 
fertilizer (Table 1.22, 1.23, 1.16 and 1.18). 
The home lawn study showed that PT groups significantly outperformed NP in nearly 
every category (Table 1.25). Among PT, CAL and ISM were the top performing treatments, 
however, IPM should be heavily considered as a home lawn management strategy considering it 
maintained high aesthetic quality yet it had 85% lower FUEIQ than ISM and CAL (Table 1.1). 
Organic and Pesticide-free management strategies are not recommended due to lower turfgrass 
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quality performance and significantly higher percent weed cover. However, this recommendation 
is somewhat subjective as some home owners do not see high weed cover as a demerit in 
turfgrass quality. The effects of high and low levels of Organic and Pesticide-free seemed to 
have little effect on the turfgrass performance for this home lawn study. Further research is 
recommended to determine the effects of various nitrogen inputs to Organic, Pesticide-free and 
IPM management strategies on home lawns to build more specific best management practices 
(BMP’s).   
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Table. 1.2. Laboratory testing for nutrient analysis of leaf compost in 2016 and 2018.  
Year pH 
Soluble salts†          
(mmhos cm-1) 
Total N (g kg-1) P2O5 (g kg-1) K2O (g kg-1) 
Carbon: total 
N ratio 
Organic 
Matter (g kg-1) 
Moisture 
Content 
(%) 
 6.0-8.0‡ < 6‡ 5.0-30.0‡ 2-9‡ 2-5‡ < 30:1‡ > 30‡ 30-50‡ 
2016§ 7.6 1.57 10.9 1.5 4.7 16:1 318 55.3 
2018¶ 7.0 0.24 7.0 3.1 1.9 17:1 231 42.1 
† determined by electrical conductivity in a 1:5 ratio by weight of compost to water.  
‡ Target range from Henderson et al., 2013; Landschot, 2013.  
§ Analysis performed by the University of Massachusetts Extension Soil and Plant Tissue Testing Laboratory.  
¶ Analysis performed by the Pennsylvania State University Agricultural Analytical Services Laboratory.  
  
Table. 1.1. Field use environmental impact quotient (FUEIQ)† measurements from pesticide applications for Athletic Field and Home Lawn 
management regimens in 2016, 2017, and 2018.  
 Athletic Field  Home Lawn 
Treatment 2016 2017 2018 Total  2016 2017 2018 Total 
CAL 32 120 123 275  74 108 110 292 
IPM 0 25 0 25  0 25 0 25 
ISM 5 120 123 248  47 72 47 166 
OH 0 0 0 0  0 0 0 0 
OL 0 0 0 0  0 0 0 0 
PFH 0 0 0 0  0 0 0 0 
PFL 0 0 0 0  0 0 0 0 
MO 0 0 0 0  0 0 0 0 
† Field Use Environmental Impact Quotient values derived from Kovach et al., 1992.  
‡ Abbreviations; CAL, calendar; IPM, integrated pest management; ISM, integrated systems management; OH, organic high; OL, organic 
low; PFH, pesticide-free high; PFL, pesticide-free low; MO, mow only. 
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Table 1.3. Athletic field applications for each management regimes for 2016, 2017 and 2018. 
Cultural Practices 
Treatment 
CAL† IPM ISM OH OL PFH PFL MO 
Fertilization Yes Yes Yes Yes Yes Yes Yes No¶¶ 
  Source SYN fast/slow‡ 
SYN 
fast/slow§ 
SYN fast/slow¶ ORG# ORG†† SYN fast/slow‡‡ 
SYN 
slow§§ 
- 
  Annual N## 195 195 195 195 98 195 98 - 
  App yr-1 4 2 – 3 3 – 4 2 – 3 2 2 – 3 2 - 
  Amount App-1 44 – 49 49 – 98 44 – 73 49 – 98 49 49 – 98 49 - 
Cultivation yr-1††† Twice‡‡‡ Twice‡‡‡ Twice‡‡‡ Twice§§§ Once¶¶¶ Twice§§§ Once¶¶¶ None 
Overseeding### Yes
†††† Yes†††† Yes†††† Yes‡‡‡‡ Yes§§§§ Yes‡‡‡‡ Yes§§§§ No 
  Spring 635 635 635 635 293 635 293 - 
  Summer - - - 146 49 146 49 - 
  Fall 879 879 879 879 439 879 439 - 
  Total 1514 1514 1514 1660 781 1660 781 - 
Weed Control Yes Yes Yes Yes No Yes No No 
 Pre-emergent¶¶¶¶ Spring None Spring Spring - Spring - - 
 Post-emergent#### Fall 
Fall as 
needed 
Fall None - None - - 
Insect Control Yes No Yes Yes No Yes No No 
  Source Chemical††††† - Chemical††††† Biological‡‡‡‡‡ - Biological‡‡‡‡‡ - - 
† Abbreviations; CAL, calendar; IPM, integrated pest management; ISM, integrated systems management; OH, organic high; OL, organic low; PFH, 
pesticide-free high; PFL, pesticide-free low; MO, mow only; SYN, synthetic; ORG, organic; N; nitrogen; App, applications.   
‡ CAL received Andersons Turf Fertilizer 45-0-0 ([SYN fast] The Andersons Lawn Fertilizer Division Inc., Maumee, OH) on 8 July and 18 Oct. 2016, 
10 July and 10 Oct. 2017, 3 Sept. and 10 Oct. 2018; Polyon® 43-0-0 ([SYN slow] Harrell’s Inc., Lakeland, FL) on 1 June, and 29 Aug. 2017, and 29 
May, 10 July, and 3 Sept. 2018; and Meth-Ex 40® 40-0-0 ([SYN slow] Lebanon Seaboard Corporation, Lebanon, OH) on 30 Aug. 2016.  
§ IPM received Polyon® 30-0-10 ([SYN slow], Harrell’s Inc., Lakeland, FL) on 12 May 2016; Polyon® 43-0-0 (SYN slow) on 30 Aug. 2016, 1 June 
and 29 Aug. 2017, and 29 May and 3 Sept. 2018; Andersons Turf Fertilizer 45-0-0 (SYN fast) on 10 Oct. 2017, and 10 Oct. 2018.  
¶ ISM received Andersons Turf Fertilizer 45-0-0 (SYN fast) on 8 July and 18 Oct. 2016, 10 Oct. 2017, 3 Sept. and 10 Oct. 2018; Polyon® 43-0-0 
(SYN slow) on 1 June, and 29 Aug. 2017, and 29 May and 3 Sept. 2018; and Meth-Ex 40® 40-0-0 (SYN slow) on 30 Aug. 2016. 
# OH received corn gluten 9-0-0 (Harrington's Organic Land Care, Bloomfield, CT) on 20 May 2016; leaf compost (0.09% total N [dry weight] 
Harvest New England LLC, Farmington, CT) on 16 June 2016, 8 June 2017, and 7 June 2018; OS-Green™ 11-0-0 (Harrington's Organic Land Care, 
Bloomfield, CT) on 29 Aug. 2017, 3 Sept. and 10 Oct. 2018.  
†† OL received corn gluten 9-0-0 on 20 May 2016; OS-Green™ 11-0-0 on 31 Aug. 2016, 2 June and 29 Aug. 2017, and 29 May and 3 Sept. 2018. 
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‡‡ PFH received Polyon® 30-0-10 (SYN slow) on 12 May 2016; Polyon® 43-0-0 (SYN slow) on 30 Aug. 2016, 1 June and 29 Aug. 2017, and 29 
May and 3 Sept. 2018; Andersons Turf Fertilizer 45-0-0 (SYN fast) on 10 Oct. 2017, and 10 Oct. 2018. 
§§ PFL received Polyon® 30-0-10 (SYN slow) on 12 May 2016; Polyon® 43-0-0 (SYN slow) on 30 Aug. 2016, 1 June and 29 Aug. 2017, and 29 May 
and 3 Sept. 2018.  
¶¶ MO received no fertilizer, cultivation, overseeding, weed or insect control in 2016, 2017, and 2018.  
## Annual Nitrogen in kg N ha-1.  
††† Plots were hollow-tine core cultivated (HTCC; 1.7 cm outer diameter) in one direction using a Toro 648 walk-behind greens aerator set to 5 cm × 
5 cm spacing and a depth of 6.5 cm with the cores returned within each plot.  
‡‡‡ CAL, IPM and ISM were HTCC on 12 May and 24 Aug. 2017, and 11 May and 15 Sept. 2018.  
§§§ OH and PFH were HTCC on 14 Sept. 2016, 12 May and 24 Aug. 2017, and 11 May and 15 Sept. 2018. 
¶¶¶ OL and PFL were HTCC on 12 May 2017 and 11 May 2018.  
### Plots were overseeded with a perennial ryegrass blend of 32% ‘Fiesta 4’, 32% ‘Wicked’, 32% ‘Karma’ (% by weight).  
†††† CAL, IPM and ISM were seeded on 12 May, 14 June and 25 Aug. 2017, and 11 May, 14 June, and 17 Sept. 2018. CAL, IPM and ISM annual 
overseeding totals were 0, 1316, and 1514 kg ha-1 for 2016, 2017, and 2018, respectively.  
‡‡‡‡ OH and PFH were seeded on 16 June, 28 July, 24 Aug. and 14 Sept. 2016, 12 May, 14 June, 10 July, and 25 Aug. 2017, and 11 May, 14 June, 10 
July, and 17 Sept. 2018. OH and PFH annual overseeding totals were 1316, 1463, and 1660 kg ha-1 for 2016, 2017, and 2018, respectively.  
§§§§ OL and PFL were seeded on 16 June, 28 July, 24 Aug. and 14 Sept. 2016, 12 May, 14 June, 10 July, and 25 Aug. 2017, and 11 May, 14 June, 10 
July, and 17 Sept. 2018. OL and PFL annual overseeding totals were 586, 684, and 781 kg ha-1 for 2016, 2017, and 2018, respectively. 
¶¶¶¶ CAL and ISM received Greenview crabgrass preventer, dithiopyr (1.6 g ha-1) on 12 May 2016; Lebanon Crabgrass Control, siduron (195 kg ha-1) 
on 12 May 2017, and 18 May 2018. OH and OL received corn gluten to control annual grassy weeds on 20 May 2016. OH and PFH received Gluten 8 
OLP™ (ICT Organics, Baltimore, MD) which contains corn gluten meal in sprayable form on 29 May 2018.  
#### SpeedZone with 2,4-D, Mecoprop-p, Dicamba, Carfentrazone (0.5 ml ha-1) was applied to CAL in 2016, and CAL and ISM in 2018; T-Zone with 
Triclopyr, Sulfentrazone, 2,4-D, Dicamba (0.5 ml ha-1) was applied to CAL, IPM and ISM in 2017. 
††††† CAL and ISM received Acelepyrn with chlorantraniliprole (56 kg ha-1) (Syngenta Crop Protection, Greensboro, NC) on 7 June 2016, 16 June 
2017, and 14 June 2018. 
‡‡‡‡‡ OH and PFH received Nemasys® G (2.5 billion ha-1) (Heterorhabditis bacteriophora; BASF Corporation, Research Triangle Park, NC) on 10 
Aug. 2016 and 10 Sept. 2017; grubGONE!® G (110 kg ha-1) (Bacillus thuringiensis 9.0%, Phyllom BioProducts Corp. Oakland, CA) on 20 July 2018.  
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Table 1.4. Home lawn applications for each management system for 2016, 2017 and 2018. 
Cultural Practices 
Treatment 
CAL† IPM ISM OH OL PFH PFL MO 
Fertilization Yes Yes Yes Yes Yes Yes Yes No¶¶ 
 Source SYN fast‡ SYN slow§ SYN fast/slow¶ ORG# ORG†† SYN slow‡‡ 
SYN 
slow§§ 
- 
 Annual N## 146 146 146 146 49 146 49 - 
 App yr-1 4 2 3 – 4 2 1 2 1 - 
 Amount App-1 34 – 39 73 24 – 73 49 – 98 49 49 – 98 49 - 
Weed Control Yes Yes Yes No No No No No 
 Pre-emergent††† Spring None Spring - - - - - 
 Post-emergent‡‡‡ 
Fall 
Fall as 
needed 
Fall - - - - - 
Insect Control Yes No Yes Yes No Yes No No 
 Source Chemical§§§ - Chemical§§§ Biological¶¶¶ - Biological¶¶¶ - - 
† Abbreviations; CAL, calendar; IPM, integrated pest management; ISM, integrated systems management; OH, organic high; OL, organic low; PFH, 
pesticide-free high; PFL, pesticide-free low; MO, mow only; SYN, synthetic; ORG, organic; App, applications.  
‡ CAL received Scotts Step 1® 28-0-7 ([SYN fast] The Scotts Miracle-Gro Company, Marysville, OH) on 12 May 2016, 12 May 2017, and 22 May 
2018; Scotts Step 2® 28-0-6 (SYN fast) on 8 July 2016, 10 July 2017, and 10 July 2018; Scotts Step 3® 32-0-4 (SYN fast) on 14 Sept. 2016, 29 Aug. 
2017, and 3 Sept. 2018; Scotts Step 4® 32-0-12 (SYN fast) 10 Oct. 2017, 10 Oct. 2018; and Andersons Turf Fertilizer 45-0-0 (SYN fast) on 18 Oct. 
2016.  
§ IPM received Polyon® 30-0-10 ([SYN slow], Harrell’s Inc., Lakeland, FL) on 12 May 2016; Polyon® 43-0-0 (SYN slow) on 30 Aug. 2016, 1 June 
and 29 Aug. 2017, and 29 May and 3 Sept. 2018.  
¶ ISM received Scotts Step 1® 28-0-7 ([SYN fast] The Scotts Miracle-Gro Company, Marysville, OH) on 12 May 2016, 12 May 2017, and 22 May 
2018; Andersons Turf Fertilizer 45-0-0 ([SYN fast] The Andersons Lawn Fertilizer Division Inc., Maumee, OH) on 8 July and 18 Oct. 2016, 10 Oct. 
2017, and 10 Oct. 2018; Meth-Ex 40® 40-0-0 ([SYN slow] Lebanon Seaboard Corporation, Lebanon, OH) on 14 Sept. 2016; and Polyon® 43-0-0 
(SYN slow) on 29 Aug. 2017 and 3 Sept. 2018.  
# OH received corn gluten 9-0-0 (Harrington's Organic Land Care, Bloomfield, CT) on 20 May 2016; leaf compost (0.09% total N [dry weight] 
Harvest New England LLC, Farmington, CT) on 16 June 2016, 8 June 2017, and 7 June 2018; OS-Green™ 11-0-0 (Harrington's Organic Land Care, 
Bloomfield, CT) on 29 Aug. 2017, and 3 Sept. 2018.  
†† OL received corn gluten 9-0-0 on 20 May 2016; OS-Green™ 11-0-0 on 2 June 2017, and 29 May 2018. 
‡‡ PFH received corn gluten 9-0-0 (Harrington's Organic Land Care, Bloomfield, CT) on 20 May 2016; Polyon® 43-0-0 (SYN slow) on 30 Aug 2016, 
1 June and 29 Aug. 2017, and 29 May and 3 Sept. 2018. 
§§ PFL received Polyon® 30-0-10 (SYN slow) on 12 May 2016; Polyon® 43-0-0 (SYN slow) on 1 June 2017, and 29 May 2018.  
¶¶ MO received no fertilizer, cultivation, overseeding, weed or insect control in 2016, 2017, and 2018.  
## Annual Nitrogen in kg N ha-1.  
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††† CAL and ISM received preventative crabgrass control with Scotts Step 1® (The Scotts Miracle-Gro Company, Marysville, OH) on 12 May 2016, 
12 May 2017, and 22 May 2018.  
‡‡‡ CAL received post emergent broadleaf weed control with Scotts Step 2® (The Scotts Miracle-Gro Company, Marysville, OH) in 2016, 2017, and 
2018. Speed Zone (2,4-D, Mecoprop-p, Dicamba, Carfentrazone; 0.5 ml ha-1) was applied to CAL in 2016 and 2018; T-Zone with (Triclopyr, 
Sulfentrazone, 2,4-D, Dicamba; 0.5 ml ha-1) was applied to CAL, IPM and ISM in 2017. 
§§§ CAL and ISM received insect population control with Acelepyrn with chlorantraniliprole (56 kg ha-1) (Syngenta Crop Protection, Greensboro, NC) 
on 16 June 2016, 7 June 2017, and 14 June 2018. 
¶¶¶ OH and PFH received Nemasys® G (2.5 billion ha-1) (Heterorhabditis bacteriophora; BASF Corporation, Research Triangle Park, NC) on 10 Aug. 
2016 and 10 Sept. 2017; grubGONE!® G (110 kg ha-1) (Bacillus thuringiensis 9.0%, Phyllom BioProducts Corp. Oakland, CA) on 20 July 2018. 
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Table 1.5. Analysis of variances for the athletic field treatment and season effects for 2016, 2017, and 2018.  
Source of variation Color‡ Quality‡ Density‡ Weeds§ Poa¶ DSI†# Cover†† DGCI‡‡ NDVI§§ VWC¶¶ SH## Traction††† 
   Treatment * NS NS ** * NS NS NS NS NS NS NS 
   Season NS NS NS NS *** NS NS NS NS NS NS NS 
   Treatment × Season *** ** NS *** NS NS * NS NS ** *** NS 
      Spring *** * - ** - - NS - - * NS - 
      Summer * NS - ** - - ** - - NS NS - 
      Fall * NS - * - - NS - - NS ** - 
*, **, ***, and NS represent significance at P < 0.05, 0.01, 0.001, and not significant (P > 0.05), respectively. 
† Abbreviations; Weeds, percent weed cover; DSI, desirable species index; Cover, percent green cover; DGCI, dark green color index; NDVI, 
normalized difference vegetation index; VWC volumetric water content; SH, surface hardness.  
‡ Quality ratings: 1=dead and/or brown turf; 6=minimum acceptable quality; 9=optimum quality.  
§ Comparison is based on quantitative weed counts in a grid across six locations within each plot. 
¶ Comparison is based on quantitative weed counts of Poa annua L. in a grid across six locations within each plot. 
 # The desirable species index was specified as (mean visual color × mean visual quality × mean visual density × [100-mean percent weed 
cover]/10,000), whereby 100–mean percent visual weed cover is a penalty for more weeds.  Higher index numbers indicate higher athletic field 
quality. 
†† Percent green cover was determined using Sigma Scan software (Cranes Software International Limited, 1991): number of green pixels 
divided by total number of pixels. 
‡‡Dark green color index (DGCI); the greater the number the darker the color green (Karcher and Richardson, 2003). 
§§ Comparison is based on quantitative turfgrass color that is averaged across fifteen measurements. 
¶¶ Comparison based volumetric water content measurements averaged across ten measurements per plot. 
### Surface hardness was measured using a 2.25 kg Clegg impact hammer.  
††† Rotational traction was measured using a 47.8 kg Canaway traction apparatus (Canaway and Bell, 1986) and averaged from six locations per 
plot. 
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Table 1.6. Effect of athletic field management regimes and seasons on color† and quality†.  
 Color‡  Quality 
Treatment§ Spring Summer Fall 
Seasonal 
Means 
 
Spring Summer Fall 
Seasonal 
Means 
CAL 6.9 a 6.2 ab 6.1 ab 6.4 a  6.4 ab 5.7 5.5 5.9 
IPM 6.8 ab 5.7 bc 5.6 bc 6.0 a  6.3 ab 5.0 5.2 5.5 
ISM 6.8 ab 6.1 abc 6.1 ab 6.3 a  6.6 a 5.7 5.9 6.0 
OH 6.1 b 6.0 abc 6.4 a 6.2 a  5.7 abc 5.9 6.5 6.0 
OL 6.3 ab 6.5 a 6.1 ab 6.3 a  5.9 abc 5.9 5.8 5.9 
PFH 6.3 ab 5.6 bc 6.0 ab 6.0 a  6.3 ab 5.4 5.7 5.8 
PFL 6.1 b 6.2 ab 5.6 bc 6.0 a  5.4 bc 5.6 5.3 5.4 
MO  5.1 c 5.4 c 5.2 c 5.2 b  4.9 c 4.9 4.9 4.9 
Season¶ 6.3 6.0 5.9   5.9 5.5 5.6  
† Quality ratings: 1=dead and/or brown turf; 6=minimum acceptable quality; 9=optimum quality. 
‡ Means in columns within seasons and the treatment row of season followed by the same letter are not significantly different according to 
Fisher's Protected Least Significant Difference (P < 0.05). 
§ CAL, calendar-based; IPM, integrated pest management; ISM, integrated systems management; OH, organic high; OL, organic low; PFH, 
pesticide-free high; PFL, pesticide-free low; MO, mow only (control treatment). 
¶ Season represents the means across treatments.  
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Table 1.7. Effect of athletic field management regimes and seasons on percent weed 
cover†.  
Treatment§ Spring‡ Summer Fall 
Seasonal 
Means 
 -----------------------------------%----------------------------------- 
CAL 3.1 a 4.8 ab 3.1 abc 4.1 ab 
IPM 2.5 a 3.2 a 2.3 ab 2.9 a 
ISM 2.7 a 1.5 a 1.4 a 2.4 a 
OH 15.8 b 13.2 bc 6.0 bc 10.9 bc 
OL 19.8 b 15.4 c 9.1 c 12.5 c 
PFH 12.4 b 11.1 bc 6.5 bc 9.3 bc 
PFL 21.6 b 17.8 c 10.4 c 13.9 c 
MO  25.5 b 19.9 c 10.2 c 14.6 c 
Season¶ 12.9 10.9 6.1  
† Comparison is based on quantitative weed counts in a grid across six locations within each 
plot.  
‡ Means in columns followed by the same letter are not significantly different according to 
Fisher's Protected Least Significant Difference (P < 0.05). 
§ CAL, calendar-based; IPM, integrated pest management; ISM, integrated systems 
management; OH, organic high; OL, organic low; PFH, pesticide-free high; PFL, pesticide-
free low; MO, mow only (control treatment). 
¶ Season represents the means across treatments. 
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Table 1.8. Effect of athletic field management regimes 
on percent Poa cover†.  
Treatment§ Poa Cover‡ 
 ----------%---------- 
CAL 2.7 bcd 
IPM 1.2 d 
ISM 3.9 b 
OH 6.4 a 
OL 2.0 bcd 
PFH 1.9 cd 
PFL 2.2 bcd 
MO  3.5 bc 
† Comparison is based on quantitative Poa counts in a grid 
across six locations within each plot.  
‡ Means in columns followed by the same letter are not 
significantly different according to Fisher's Protected Least 
Significant Difference (P < 0.05). 
§ CAL, calendar-based; IPM, integrated pest management; 
ISM, integrated systems management; OH, organic high; OL, 
organic low; PFH, pesticide-free high; PFL, pesticide-free 
low; MO, mow only (control treatment). 
 
 
Table 1.9. Effect of seasons on athletic field percent Poa 
cover†.  
Season§ Poa Cover‡ 
 -----------%------------ 
Spring 4.5 a 
Summer 2.4 b  
Fall 1.8 b  
† Comparison is based on quantitative Poa counts in a grid 
across six locations within each plot.  
‡ Means in columns followed by the same letter are not 
significantly different according to Fisher's Protected Least 
Significant Difference (P < 0.05). 
§ Data collected during May and June, July and Aug., and 
Sept. through Nov. represented Spring, Summer and Fall, 
respectively.  
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Table 1.10. Effect of athletic field management regimes and seasons on desirable 
species index†.  
Treatment§ Spring‡ Summer Fall 
Seasonal 
Means 
CAL 3.0 2.1 2.3 2.5 
IPM 2.6 1.6 1.9 2.0 
ISM 3.3 2.2 2.6 2.7 
OH 2.3 2.1 2.8 2.4 
OL 1.8 2.0 2.2 2.0 
PFH 2.1 1.4 2.1 1.8 
PFL 1.5 1.7 1.9 1.7 
MO  1.4 1.1 1.4 1.3 
Season¶ 2.3 1.8 2.2  
† Comparison is based on quantitative weed counts in a grid across six locations within each 
plot.  
§ CAL, calendar-based; IPM, integrated pest management; ISM, integrated systems 
management; OH, organic high; OL, organic low; PFH, pesticide-free high; PFL, pesticide-
free low; MO, mow only (control treatment). 
¶ Season represents the means across treatments. 
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Table 1.11. Effect of athletic field management regimes and seasons on percent green cover† and dark green color index (DGCI)‡.  
 Green Cover§  DGCI 
Treatment¶ Spring Summer Fall 
Seasonal 
Means 
 Spring Summer Fall 
Seasonal 
Means 
 -------------------------------%------------------------------   
CAL 84.3 80.1 cd 69.0 77.8  0.485 0.494 0.504 0.495 
IPM 83.6 75.5 d 66.3 75.1  0.490 0.474 0.492 0.486 
ISM 83.7 80.6 bcd 70.9 78.4  0.486 0.488 0.505 0.493 
OH 89.6 89.1 a 79.3 86.0  0.492 0.492 0.508 0.497 
OL 89.0 88.1 ab 73.7 83.6  0.490 0.497 0.504 0.497 
PFH 87.9 81.5 bcd 73.2 80.9  0.485 0.477 0.493 0.485 
PFL 88.0 86.9 abc 71.8 82.3  0.486 0.490 0.499 0.492 
MO  85.0 82.8 abc 65.7 77.9  0.472 0.478 0.488 0.479 
Season# 86.4 83.1 71.2   0.486 0.486 0.499  
† Percent green cover was determined using Sigma Scan software (Cranes Software International Limited, 1991): number of green pixels 
divided by total number of pixels. 
‡ Dark green color index (DGCI); the greater the number the darker the color green (Karcher and Richardson, 2003). 
§ Means in columns followed by the same letter are not significantly different according to Fisher's Protected Least Significant Difference (P < 
0.05). 
¶ CAL, calendar-based; IPM, integrated pest management; ISM, integrated systems management; OH, organic high; OL, organic low; PFH, 
pesticide-free high; PFL, pesticide-free low; MO, mow only (control treatment). 
# Season represents the means across treatments. 
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Table 1.13. Effect of athletic field management regimes and seasons on surface hardness†. 
Treatment§ Spring Summer Fall‡ 
Seasonal 
Means 
 ----------------------------g-max---------------------------- 
CAL 53.1 73.9 63.8 ab 60.4 
IPM 53.5 75.6 64.5 abc 64.5 
ISM 53.8 74.7 62.6 a 63.7 
OH 50.5 70.7 60.0 a 60.4 
OL 50.3 69.7 68.9 bcd 63.0 
PFH 52.9 75.0 64.0 abc 64.0 
PFL 50.3 69.5 69.4 cd 63.1 
MO  56.8 72.4 71.3 d 66.8 
Season¶ 52.7 72.7        65.6          
† Surface hardness was measured using a 2.25 kg Clegg impact hammer.   
‡ Means in columns followed by the same letter are not significantly different according to 
Fisher's Protected Least Significant Difference (P < 0.05). 
§ CAL, calendar-based; IPM, integrated pest management; ISM, integrated systems management; 
OH, organic high; OL, organic low; PFH, pesticide-free high; PFL, pesticide-free low; MO, mow 
only (control treatment). 
¶ Season represents the means across treatments. 
Table 1.12. Effect of athletic field management regimes and seasons on volumetric water 
content (VWC)†. 
Treatment¶ Spring‡ Summer Fall 
Seasonal 
Means 
CAL 26.5 abc        30.4 30.9 28.8 
IPM      27.7 a        30.3 31.7 29.4 
ISM      27.7 a        30.5 31.6 29.4 
OH      27.2 ab        31.5 31.2 29.2 
OL      25.1 c        30.3 30.2 28.0 
PFH 27.0 abc        30.4 30.9 29.0 
PFL      25.6 bc        29.9 30.3 28.1 
MO       28.3 a        30.1 30.1 29.0 
Season¶      26.9        30.4 30.9  
† Comparison based volumetric water content measurements averaged across ten measurements 
per plot.   
‡ Means in columns followed by the same letter are not significantly different according to 
Fisher's Protected Least Significant Difference (P < 0.05). 
‡ CAL, calendar-based; IPM, integrated pest management; ISM, integrated systems management; 
OH, organic high; OL, organic low; PFH, pesticide-free high; PFL, pesticide-free low; MO, mow 
only (control treatment). 
¶ Season represents the means across treatments. 
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Table 1.14. Effects for the athletic field management regimens in groups of pesticide-treated (PT), non-pesticide (NP) and control on data collected.  
Group Color‡ Quality‡ Density‡ Weeds§ Poa¶ DSI†# Cover†† DGCI‡‡ NDVI§§ VWC¶¶ SH## Traction††† 
PT  6.2 a 5.7 a 5.3 b    2.7 c NS 2.3 a 77.1 b NS 0.688 b NS 63.7 b NS 
NP 6.1 a 5.8 a 5.8 a    13.3 b NS 2.0 a 83.2 a NS 0.705 a NS 62.8 b NS 
Control 5.3 b     4.9 b 5.1 b    18.5 a NS 1.3 b  77.9 ab NS   0.692 ab NS 66.9 a NS 
Within PT             
   CAL NS NS NS    3.7 a  3.9 a NS NS NS NS NS NS NS 
   ISM NS NS NS    1.8 b  2.7 ab NS NS NS NS NS NS NS 
   IPM NS NS NS    2.7 b  1.2 b NS NS NS NS NS NS NS 
Within NP             
   OH NS NS NS    11.7 bc 6.4 a NS NS NS NS NS NS NS 
   OL NS NS NS    14.8 ab 2.0 b NS NS NS NS NS NS NS 
   PFH NS NS NS    10.0 c 1.9 b NS NS NS NS NS NS NS 
   PFL NS NS NS    16.6 a 2.2 b NS NS NS NS NS NS NS 
† Abbreviations; Weeds, percent weed cover; DSI, desirable species index; Cover, percent green cover; DGCI, dark green color index; NDVI, 
normalized difference vegetation index; VWC volumetric water content; SH, surface hardness; CAL, Calendar; ISM, Integrated Systems Management; 
IPM, Integrated Pest Management  
‡ Quality ratings: 1=dead and/or brown turf; 6=minimum acceptable quality; 9=optimum quality.  
§ Comparison is based on quantitative weed counts in a grid across six locations within each plot. 
¶ Comparison is based on quantitative weed counts of Poa annua L. in a grid across six locations within each plot. 
 # The desirable species index was specified as (mean visual color × mean visual quality × mean visual density × [100-mean percent weed 
cover]/10,000), whereby 100–mean percent visual weed cover is a penalty for more weeds.  Higher index numbers indicate higher athletic field quality. 
†† Percent green cover was determined using Sigma Scan software (Cranes Software International Limited, 1991): number of green pixels divided by 
total number of pixels. 
‡‡Dark green color index (DGCI); the greater the number the darker the color green (Karcher and Richardson, 2003). 
§§ Comparison is based on quantitative turfgrass color that is averaged across fifteen measurements. 
¶¶ Comparison based volumetric water content measurements averaged across ten measurements per plot. 
### Surface hardness was measured using a 2.25 kg Clegg impact hammer.  
††† Rotational traction was measured using a 47.8 kg Canaway traction apparatus (Canaway and Bell, 1986) and averaged from six locations per plot. 
‡ Means in columns within data collection followed by the same letter are not significantly different according to Fisher's Protected Least Significant 
Difference (P < 0.05). 
   
 
56 
 
Table 1.15. Analysis of variance for home lawn treatment and season effects for 2016, 2017, and 2018. 
Source of variation Color‡ Quality‡ Density‡ Weeds†§ DSI¶ Cover# DGCI†† NDVI‡‡ VWC§§ 
   Treatment *** *** *** *** *** ** * * * 
   Season NS NS NS ** NS NS NS NS NS 
   Treatment × Season ** ** *** NS ** *** *** NS * 
      Spring *** *** *** - *** *** * - *** 
      Summer ** *** *** - *** *** NS - NS 
      Fall *** *** *** - *** NS *** - NS 
*, **, ***, and NS represent significance at P < 0.05, 0.01, 0.001, and not significant (P > 0.05), respectively. 
† Abbreviations; Weeds, percent weed cover; DSI, desirable species index; Cover, percent green cover; DGCI, dark green color index; NDVI, 
normalized difference vegetation index; VWC volumetric water content. 
‡ Quality ratings: 1=dead and/or brown turf; 6=minimum acceptable quality; 9=optimum quality.  
§ Comparison is based on quantitative weed counts in a grid across six locations within each plot. 
 ¶ The desirable species index was specified as (mean visual color × mean visual quality × mean visual density × [100-mean percent weed 
cover]/10,000), whereby 100–mean percent visual weed cover is a penalty for more weeds.  Higher index numbers indicate higher athletic field 
quality 
# Percent green cover was determined using Sigma Scan software (Cranes Software International Limited, 1991): number of green pixels 
divided by total number of pixels. 
†† Dark green color index (DGCI); the greater the number the darker the color green (Karcher and Richardson, 2003). 
‡‡ Comparison is based on quantitative turfgrass color that is averaged across fifteen measurements. 
§§ Comparison based volumetric water content measurements averaged across ten measurements per plot. 
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Table 1.16. Effect of home lawn management regimes and seasons on color† ratings.  
Treatment§ Spring‡ Summer Fall 
Seasonal 
Means 
CAL 7.8 a 7.1 a 8.1 a 7.7 a 
IPM 6.7 b 6.8 ab 7.5 bc 7.0 a 
ISM 7.7 a 6.9 ab 7.8 ab 7.5 a 
OH 6.2 bcd 6.3 c 7.2 cd 6.6 cd 
OL 6.2 bcd 6.4 bc 6.9 d 6.5 cd 
PFH 6.3 bc 6.7 abc 7.2 cd 6.8 bc 
PFL 5.6 d 6.4 bc 6.7 d 6.3 d 
MO  5.7 cd 6.2 c 6.8 d 6.2 d 
Season¶ 6.5 6.6 7.3  
† Quality ratings: 1=dead and/or brown turf; 6=minimum acceptable quality; 9=optimum quality. 
‡ Means in columns followed by the same letter are not significantly different according to 
Fisher's Protected Least Significant Difference (P < 0.05). 
§ CAL, calendar-based; IPM, integrated pest management; ISM, integrated systems management; 
OH, organic high; OL, organic low; PFH, pesticide-free high; PFL, pesticide-free low; MO, mow 
only (control treatment). 
¶ Season represents the means across treatments. 
 
 
Table 1.17. Effect of home lawn management regimes and seasons on quality† ratings.  
Treatment§ Spring‡ Summer Fall 
Seasonal 
Means 
CAL 7.8 a 7.5 a 8.4 a 7.9 a 
IPM 7.0 b 7.1 a 7.9 b 7.4 b 
ISM 7.7 a 7.4 a 8.3 ab 7.8 a 
OH 5.6 c 5.7 bc 6.7 cd 6.0 cd 
OL 5.4 cd 5.8 b 6.4 cd 5.9 cd 
PFH 5.3 cd 6.1 b 6.8 c 6.2 c 
PFL 4.8 d 5.7 bc 6.3 d 5.7 de 
MO  4.8 d 5.3 c 6.2 d 5.5 e 
Season¶ 6.1 6.3 7.1  
† Quality ratings: 1=dead and/or brown turf; 6=minimum acceptable quality; 9=optimum quality. 
‡ Means in columns followed by the same letter are not significantly different according to 
Fisher's Protected Least Significant Difference (P < 0.05). 
§ CAL, calendar-based; IPM, integrated pest management; ISM, integrated systems management; 
OH, organic high; OL, organic low; PFH, pesticide-free high; PFL, pesticide-free low; MO, mow 
only (control treatment). 
¶ Season represents the means across treatments. 
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Table 1.19. Effect of home lawn management regimes on 
percent weed cover†.  
Treatment§ Seasonal Means‡ 
 --------------%-------------- 
CAL 0.6 a 
IPM 1.6 b 
ISM 0.9 ab 
OH 32.1 c 
OL 32.6 c 
PFH 28.4 c 
PFL 30.3 c 
MO 37.8 c 
† Comparison is based on quantitative weed counts in a grid 
across six locations within each plot.  
‡ Means in columns followed by the same letter are not 
significantly different according to Fisher's Protected Least 
Significant Difference (P < 0.05). 
§ CAL, calendar-based; IPM, integrated pest management; ISM, 
integrated systems management; OH, organic high; OL, organic 
low; PFH, pesticide-free high; PFL, pesticide-free low; MO, 
mow only (control treatment). 
  
Table 1.18. Effect of home lawn management regimes and seasons on density† ratings.  
Treatment§ Spring‡ Summer Fall Seasonal 
Means 
CAL 7.9 ab 8.1 a 8.7 a 8.2 a 
IPM 7.4 bc 7.7 ab 8.5 a 7.9 ab 
ISM 8.0 a 7.8 a 8.6 a 8.2 a 
OH 7.4 bc 7.1 c 7.7 b 7.4 c 
OL 7.1 cd 7.1 c 7.5 b 7.2 c 
PFH 7.3 cd 7.3 bc 7.8 b 7.5 bc 
PFL 6.9 d 6.8 c 7.5 b 7.1 c 
MO  7.3 cd 6.9 c 7.5 b 7.2 c 
Season¶ 7.4 7.4 8.0  
† Quality ratings: 1=dead and/or brown turf; 6=minimum acceptable quality; 
9=optimum quality. 
‡ Means in columns followed by the same letter are not significantly different 
according to Fisher's Protected Least Significant Difference (P < 0.05). 
§ CAL, calendar-based; IPM, integrated pest management; ISM, integrated systems 
management; OH, organic high; OL, organic low; PFH, pesticide-free high; PFL, 
pesticide-free low; MO, mow only (control treatment). 
¶ Season represents the means across treatments. 
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Table 1.20. Effect of home lawn management regimes on 
percent weed cover†.  
Seasons Weed Cover‡ 
 --------------%-------------- 
Spring 23.9 a 
Summer 22.1 a 
Fall 15.5 b 
† Comparison is based on quantitative weed counts in a grid 
across six locations within each plot.  
‡ Means in columns followed by the same letter are not 
significantly different according to Fisher's Protected Least 
Significant Difference (P < 0.05). 
 
 
Table 1.21. Effect of home lawn management regimes and seasons on desirable 
species index†.  
Treatment§ Spring‡  Summer Fall 
Seasonal 
Means 
CAL 5.1 a 4.4 a 5.9 a 5.1 a 
IPM 3.5 b 3.8 a 5.1 a 4.1 b 
ISM 5.1 a 4.0 a 5.5 a 4.9 a 
OH 2.0 c 1.7 bc 2.6 bc 2.1 cd 
OL 1.8 c 1.8 bc 2.7 bc 2.0 cd 
PFH 1.9 c 2.1 b 3.1 b 2.3 c 
PFL 1.5 c 1.7 bc 2.6 bc 1.9 cd 
MO  1.6 c 1.5 c 2.3 c 1.8 d 
Season¶ 2.8 2.6 3.7  
† The desirable species index was specified as (mean visual color × mean visual quality × 
mean visual density × [100-mean percent weed cover]/10,000), whereby 100–mean percent 
visual weed cover is a penalty for more weeds.  Higher index numbers indicate higher athletic 
field quality.  
‡ Means in columns followed by the same letter are not significantly different according to 
Fisher's Protected Least Significant Difference (P < 0.05). 
§ CAL, calendar-based; IPM, integrated pest management; ISM, integrated systems 
management; OH, organic high; OL, organic low; PFH, pesticide-free high; PFL, pesticide-
free low; MO, MO (control treatment). 
¶ Season represents the means across treatments. 
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Table 1.22. Effect of home lawn management regimes and seasons on percent green cover† and dark green color index (DGCI)‡. 
 Green Cover§  DGCI§ 
Treatment¶ Spring Summer Fall 
Seasonal 
Means 
 
Spring Summer Fall 
Seasonal 
Means 
 ----------------------------%------------------------------   
CAL 83.6 b 91.8 bcd 95.7 90.4 bcd  0.485 a 0.481 0.537 a 0.501 a 
IPM 80.8 b 89.5 d 94.1 88.2 d  0.475 bc 0.475 0.527 ab 0.492 bc 
ISM 82.3 b 90.7 cd 95.0 89.4 cd  0.477 abc 0.473 0.536 ab 0.495 abc 
OH 90.5 a 96.2 a 96.2 94.3 a  0.484 ab 0.488 0.526 ab 0.498 abc 
OL 90.6 a 94.0 ab 95.1 93.2 ab  0.477 abc 0.482 0.522 ab 0.493 bcd 
PFH 89.5 a 94.9 a 96.4 93.6 a  0.483 ab 0.489 0.531 ab 0.500 ab 
PFL 87.9 a 93.4 abc 95.5 92.2 abc  0.469 c 0.479 0.517 b 0.489 d 
MO  89.4 a 95.6 a 95.5 93.5 a  0.466 c 0.483 0.518 b 0.489 d 
Season# 86.8 93.3 95.4 91.9  0.477 0.481 0.527 0.495 
† Percent green cover was determined using Sigma Scan software (Cranes Software International Limited, 1991): number of green pixels 
divided by total number of pixels. 
‡ Dark green color index (DGCI); the greater the number the darker the color green (Karcher and Richardson, 2003).  
§ Means in columns followed by the same letter are not significantly different according to Fisher's Protected Least Significant Difference (P 
< 0.05). 
¶ CAL, calendar-based; IPM, integrated pest management; ISM, integrated systems management; OH, organic high; OL, organic low; PFH, 
pesticide-free high; PFL, pesticide-free low; MO, mow only (control treatment). 
# Season represents the means across treatments. 
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Table 1.23. Effect of home lawn management regimes on 
normalized difference vegetation index (NDVI)† across 
seasons.  
Treatment§ Seasonal Means‡ 
CAL 0.743 bc 
IPM 0.740 c 
ISM 0.742 bc 
OH 0.749 a 
OL 0.746 ab 
PFH 0.745 ab 
PFL 0.742 bc 
MO  0.745 ab 
† Comparison is based on quantitative turfgrass color that is 
averaged across fifteen measurements.  
‡ Means in columns followed by the same letter are not 
significantly different according to Fisher's Protected Least 
Significant Difference (P < 0.05). 
§ CAL, calendar-based; IPM, integrated pest management; 
ISM, integrated systems management; OH, organic high; OL, 
organic low; PFH, pesticide-free high; PFL, pesticide-free 
low; MO, mow only (control treatment). 
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Table 1.24. Effect of home lawn management regimes and seasons on volumetric 
water content (VWC)† readings.  
 VMC‡ 
Treatment§ Spring  Summer Fall 
Seasonal 
Means 
CAL 18.6 b 22.9 25.4 22.3 bc 
IPM 18.9 b 22.7 24.9 22.2 bc 
ISM 18.6 b 22.6 25.1 22.1 c 
OH 19.9 a 24.0 25.7 23.2 a 
OL 20.0 a 23.8 24.9 22.9 abc 
PFH 20.1 a 23.3 25.3 22.9 ab 
PFL 20.2 a 23.5 25.7 23.1 a 
MO  20.2 a 24.1 25.8 23.4 a 
Season¶ 19.6 23.4 25.4  
† Comparison based volumetric water content measurements averaged from ten 
measurements per plot.   
‡ Means in columns followed by the same letter are not significantly different according to 
Fisher's Protected Least Significant Difference (P < 0.05). 
§ CAL, calendar-based; IPM, integrated pest management; ISM, integrated systems 
management; OH, organic high; OL, organic low; PFH, pesticide-free high; PFL, pesticide-
free low; MO, mow only (control treatment). 
¶ Season represents the means across treatments. 
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Table 1.25. Effects for the home lawn management regimens in groups of pesticide-treated (PT), non-pesticide (NP) and control on data 
collected. 
Groups Color‡ Quality‡ Density‡ Weeds†§ DSI¶ Cover# DGCI†† NDVI‡‡ VWC§§ 
PT  7.3 a 7.6 a 8.1 a   1.0 c 4.6 a 89.3 b NS 0.742 b 22.2 b 
NP 6.5 b 5.9 b 7.3 b 30.8 b 2.1 b 93.3 a NS 0.746 a 23.4 a 
Control 6.2 b        5.5 c 7.2 b 37.8 a 1.7 c 93.5 a NS   0.745 ab 23.0 a 
Within PT          
   CAL 7.6 a        7.8 a NS   0.6 c 5.0 a NS 0.501 a NS NS 
   ISM   7.4 ab        7.8 a NS   0.9 b 4.7 a NS   0.496 ab NS NS 
   IPM 7.0 b        7.3 b NS   1.6 a 4.1 b NS 0.492 b NS NS 
Within NP          
   OH NS NS NS NS NS NS 0.500 a NS NS 
   OL NS NS NS NS NS NS   0.494 ab NS NS 
   PFH NS NS NS NS NS NS 0.501 a NS NS 
   PFL NS NS NS NS NS NS 0.489 b NS NS 
† Abbreviations; Weeds, percent weed cover; DSI, desirable species index; Cover, percent green cover; DGCI, dark green color index; NDVI, 
normalized difference vegetation index; VWC volumetric water content; CAL, Calendar; ISM, Integrated Systems Management; IPM, Integrated Pest 
Management  
‡ Quality ratings: 1=dead and/or brown turf; 6=minimum acceptable quality; 9=optimum quality.  
§ Comparison is based on quantitative weed counts in a grid across six locations within each plot. 
 ¶ The desirable species index was specified as (mean visual color × mean visual quality × mean visual density × [100-mean percent weed 
cover]/10,000), whereby 100–mean percent visual weed cover is a penalty for more weeds.  Higher index numbers indicate higher athletic field quality 
# Percent green cover was determined using Sigma Scan software (Cranes Software International Limited, 1991): number of green pixels divided by 
total number of pixels. 
†† Dark green color index (DGCI); the greater the number the darker the color green (Karcher and Richardson, 2003). 
‡‡ Comparison is based on quantitative turfgrass color that is averaged across fifteen measurements. 
§§ Comparison based volumetric water content measurements averaged across ten measurements per plot. 
¶¶ Comparison based volumetric water content measurements averaged across ten measurements per plot. 
‡ Means in columns within data collection followed by the same letter are not significantly different according to Fisher's Protected Least Significant 
Difference (P < 0.05). 
   
 
64 
 
Table 1.26. Analysis of variance of soil test results† for athletic field treatment and year effects.  
Source of variation Soil pH Calcium Magnesium Potassium Phosphorus‡ Organic Matter§ 
   Treatment NS NS NS NS NS NS 
   Year *** *** *** *** *** - 
   Treatment × Year NS NS * NS NS - 
*, **, ***, and NS represent significance at P < 0.05, 0.01, 0.001, and not significant (P > 0.05), respectively. 
† Comparison is based on 2014 (initial), 2015, 2016, 2017, and 2018 soil tests conducted the University of Connecticut, Department of Plant 
Science Soil Nutrient Analysis Laboratory using (modified) Morgan soil test method (University of Delaware, 2001). 
‡ In the form of P2O5.  
§ In g kg-1 of soil.  
 
Table 1.27. Analysis of variance of soil test results for home lawn treatment and year effects.  
Source of variation Soil pH Calcium Magnesium Potassium Phosphorus Organic Matter 
   Treatment NS NS NS NS NS NS 
   Year *** *** *** *** *** - 
   Treatment × Year NS NS NS * NS - 
*, **, ***, and NS represent significance at P < 0.05, 0.01, 0.001, and not significant (P > 0.05), respectively. 
† Comparison is based on 2014 (initial), 2015, 2016, 2017, and 2018 soil tests conducted the University of Connecticut, Department of Plant 
Science Soil Nutrient Analysis Laboratory using (modified) Morgan soil test method (University of Delaware, 2001). 
‡ Phosphorus the form of P2O5.  
§ Organic matter in g kg-1 of soil.  
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Table 1.28. Effect of athletic field and home lawn management regimes on soil pH† across years.    
  Athletic Fields‡  Home Lawns‡ 
Treatment§ 2014 2015 2016 2017 2018 
Yearly 
Means 
 2014 2015 2016 2017 2018 
Yearly 
Means 
CAL   6.0 5.6 6.0 6.4 6.6 6.6  5.6 5.5 6.0 6.3 6.3 6.4 
IPM   6.1 5.9 6.2 6.6 6.6 6.7  5.6 5.6 6.0 6.2 6.3 6.4 
ISM   6.1 5.8 6.2 6.6 6.6 6.7  5.6 5.6 6.0 6.3 6.3 6.4 
OH   6.0 5.9 6.1 6.4 6.5 6.6  5.6 5.8 6.0 6.3 6.2 6.4 
OL   5.8 5.7 6.1 6.3 6.5 6.5  5.6 5.7 6.0 6.2 6.3 6.4 
PFH   6.1 6.0 6.1 6.4 6.4 6.6  5.5 5.9 6.0 6.2 6.3 6.4 
PFL   6.1 5.8 6.0 6.4 6.5 6.6  5.5 5.0 6.0 6.2 6.3 6.4 
MO   5.9 5.9 6.1 6.3 6.3 6.5  5.6 5.6 6.0 6.2 6.2 6.3 
Year‡ 6.0 bc   5.8 c   6.1 b   6.4 a   6.5 a     5.6 b   5.6 b   6.0 a   6.2 a   6.3 a 
† Comparison is based on 2014 (initial), 2015, 2016, 2017, and 2018 soil tests conducted the University of Connecticut, Department of 
Plant Science Soil Nutrient Analysis Laboratory using (modified) Morgan soil test method (University of Delaware, 2001). 
§ CAL, calendar-based; IPM, integrated pest management; ISM, integrated systems management; OH, organic high; OL, organic low; 
PFH, pesticide-free high; PFL, pesticide-free low; MO, mow only (control treatment). 
‡ Means in row followed by the same letter are not significantly different according to Fisher's Protected Least Significant Difference (P 
< 0.05). 
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Table 1.29. Effect of athletic field and home lawn management regimes on extractable calcium† across years.    
  Athletic Fields‡  Home Lawns‡ 
Treatment§ 2014 2015 2016 2017 2018 
Yearly 
Means 
 2014 2015 2016 2017 2018 
Yearly 
Means 
 ------------------------------------------------------------------kg ha-1----------------------------------------------------------------- 
CAL 2417 2519 2417 2307 1726 2276  1865 1907 1770 1660 1188 1678 
IPM 2840 2966 2813 2561 2103 2656  1781 1888 1755 1688 1102 1643 
ISM 2468 2633 2392 2336 1696 2304  1911 1942 1764 1682 1246 1709 
OH 2650 2737 2491 2405 1871 2430  1868 1917 1651 1738 1088 1653 
OL 2282 2319 2223 2094 1361 2056  1685 1703 1536 1457 917 1459 
PFH 2695 2719 2599 2341 1714 2413  1689 1709 1511 1419 1070 1480 
PFL 2803 2753 2594 3138 1874 2633  1799 1777 1638 1488 1122 1565 
MO 2348 2569 2374 2233 2177 2340  1790 1847 1699 1636 1198 1634 
Year‡ 2563 ab 2652 a 2488 bc 2427 c 1815 d    1798 a   1836 a   1665 b 1596 c 1116 d  
† Comparison is based on 2014 (initial), 2015, 2016, 2017, and 2018 soil tests conducted the University of Connecticut, Department of Plant 
Science Soil Nutrient Analysis Laboratory using (modified) Morgan soil test method (University of Delaware, 2001). 
§ CAL, calendar-based; IPM, integrated pest management; ISM, integrated systems management; OH, organic high; OL, organic low; PFH, 
pesticide-free high; PFL, pesticide-free low; MO, mow only (control treatment). 
‡ Means in row followed by the same letter are not significantly different according to Fisher's Protected Least Significant Difference (P < 
0.05). 
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Table 1.30. Effect of athletic field and home lawn management regimes on extractable magnesium† across years.    
  Athletic Fields‡  Home Lawns‡ 
Treatment§ 2014 2015 2016 2017 2018 
Yearly 
Means 
 2014 2015 2016 2017 2018 
Yearly 
Means 
 -------------------------------------------------------------kg ha-1-------------------------------------------------------- 
CAL 250 262 244 248 a  188 ab  239  275 281 248 238 175 243 
IPM 284 289 263 250 a  212 b 260  244 251 231 220 150 220 
ISM 288 289 268 261 a  200 ab 261  280 284 252 244 187 250 
OH 281 296 267 261 a  215 b 265  260 271 222 235 156 229 
OL 272 280 262 251 a  173 a 248  232 282 206 196 146 208 
PFH 268 271 256 230 a  176 a 240  240 250 198 196 127 206 
PFL 287 286 261 346 b  192 ab 275  256 253 229 206 160 221 
MO 263 279 272 251 a  206 b 254  252 261 235 224 167 229 
Year   274 c   281 c  262 b  262 b  195 a     255 b   267 a   228 c   220 c  158 d  
† Comparison is based on 2014 (initial), 2015, 2016, 2017, and 2018 soil tests conducted the University of Connecticut, Department of Plant 
Science Soil Nutrient Analysis Laboratory using (modified) Morgan soil test method (University of Delaware, 2001). 
‡ Means in column within years or means in rows of treatment by year followed by the same letter are not significantly different according to 
Fisher's Protected Least Significant Difference (P < 0.05). 
§ CAL, calendar-based; IPM, integrated pest management; ISM, integrated systems management; OH, organic high; OL, organic low; PFH, 
pesticide-free high; PFL, pesticide-free low; MO, mow only (control treatment). 
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Table 1.31. Effect of athletic field and home lawn management regimes on extractable potassium† across years.    
  Athletic Fields‡  Home Lawns‡ 
Treatment§ 2014 2015 2016 2017 2018 
Yearly 
Means 
 2014 2015 2016 2017 2018 
Yearly 
Means 
 ---------------------------------------------------------kg ha-1---------------------------------------------------------- 
CAL 286 316 317 253 251 286  423 335 347 254 207 ab 314 
IPM 288 289 358 263 275 289  373 335 350 259 204 ab 304 
ISM 315 285 300 231 231 262  417 351 352 224 197 ab 308 
OH 307 335 306 249 250 285  410 351 314 233 151 c 291 
OL 368 367 305 282 250 319  372 341 307 195 147 c 272 
PFH 277 328 327 289 261 298  412 302 303 205 170 bc 278 
PFL 380 365 330 338 285 344  381 325 343 238 215 a 300 
MO 313 307 340 224 272 285  381 333 341 224 201 ab 296 
Year   317 a   324 a   323 a   266 b   259 b     396 a   334 b   332 b   229 c 186 d  
† Comparison is based on 2014 (initial), 2015, 2016, 2017, and 2018 soil tests conducted the University of Connecticut, Department of Plant 
Science Soil Nutrient Analysis Laboratory using (modified) Morgan soil test method (University of Delaware, 2001). 
‡ Means in column within years or means in rows of treatment by year followed by the same letter are not significantly different according to 
Fisher's Protected Least Significant Difference (P < 0.05). 
§ CAL, calendar-based; IPM, integrated pest management; ISM, integrated systems management; OH, organic high; OL, organic low; PFH, 
pesticide-free high; PFL, pesticide-free low; MO, mow only (control treatment). 
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Table 1.32. Effect of athletic field and home lawn management regimes on extractable P2O5
† across years.    
  Athletic Fields‡  Home Lawns‡ 
Treatment§ 2014 2015 2016 2017 2018 
Yearly 
Means 
 2014 2015 2016 2017 2018 
Yearly 
Means 
 ---------------------------------------------------------kg ha-1-------------------------------------------------------- 
CAL 27.2 16.0 11.5 20.2 22.8 21.2  9.8 6.7 4.8 9.8 5.6 7.3 
IPM 41.1 23.2 32.8 29.1 22.4 29.0  8.6 7.1 5.9 11.2 8.2 8.2 
ISM 17.9 11.2 20.2 14.9 12.0 13.3  10.9 6.7 5.9 10.1 7.1 8.2 
OH 25.8 14.2 14.6 18.7 14.6 17.6  10.4 7.5 4.8 11.2 6.4 8.1 
OL 12.3 10.1 10.9 14.9 10.1 11.5  9.0 7.1 5.3 10.1 6.7 7.6 
PFH 28.8 16.8 17.1 19.4 14.9 19.6  9.3 5.9 5.3 10.1 6.4 7.4 
PFL 32.2 17.9 9.3 22.0 23.2 23.4  10.9 5.9 5.6 10.4 6.4 7.8 
MO 16.0 12.7 18.7 15.7 12.3 13.3  9.0 7.1 5.6 10.9 8.2 8.2 
Year‡    25.2 a  15.3 c  16.9 c  19.4 b  16.5 c     9.7 b   6.8 c   5.4 d  10.5 a   6.9 c  
† Comparison is based on 2014 (initial), 2015, 2016, 2017, and 2018 soil tests conducted the University of Connecticut, Department of Plant 
Science Soil Nutrient Analysis Laboratory using (modified) Morgan soil test method (University of Delaware, 2001). 
§ CAL, calendar-based; IPM, integrated pest management; ISM, integrated systems management; OH, organic high; OL, organic low; PFH, 
pesticide-free high; PFL, pesticide-free low; MO, mow only (control treatment). 
‡ Means in row followed by the same letter are not significantly different according to Fisher's Protected Least Significant Difference (P < 
0.05). 
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Table 1.33. Effect of athletic field and home lawn 
management regimes on organic matter† in 2018.    
 Organic Matter 
Treatment§ Athletic Field Home Lawn 
 ---------------g kg-1------------- 
CAL 51 52 
IPM 50 53 
ISM 62 52 
OH 54 51 
OL 53 51 
PFH 52 48 
PFL 53 52 
MO 52 54 
† Comparison is based on 2018 soil tests conducted 
the University of Connecticut, Department of Plant 
Science Soil Nutrient Analysis Laboratory. 
§ CAL, calendar-based; IPM, integrated pest 
management; ISM, integrated systems management; 
OH, organic high; OL, organic low; PFH, pesticide-
free high; PFL, pesticide-free low; MO, mow only 
(control treatment). 
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Figure 1.1. Effects of athletic field treatments and seasons on percent 
weed cover. Means with the same letter are not statistically different 
according to Fisher’s protected LSD (P<0.05).   
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Figure 1.2. Effects of athletic field treatments and seasons on surface 
hardness (g-max). Means with the same letter are not statistically 
different according to Fisher’s protected LSD (P<0.05). 
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Figure 1.3. Effects of home lawn treatments on percent weed cover 
across seasons. Means with the same letter are not statistically 
different according to Fisher’s protected LSD (P<0.05). 
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Figure 1.4. Effects of home lawn treatments and seasons on quantitative 
percent green cover. Means with the same letter are not statistically 
different according to Fisher’s protected LSD (P<0.05). 
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Chapter 2: The Effect of Turfgrass Species, Cultivar and Seeding Rate on Playing Surface 
Quality when Overseeding Actively Used, Non-Irrigated, Pesticide-Free Athletic Fields 
Abstract 
Pesticide use on athletic fields and grounds has been banned in the state of Connecticut 
from Kindergarten through 8th grade due to perceived health concerns, especially among children 
(State of Connecticut, 2009). Turfgrass managers have struggled to maintain playing surfaces in 
lieu of pesticides and need proven alternatives to retain turfgrass cover (Bartholomew et al., 
2015). Aggressively overseeding athletic fields has been shown to help maintain turfgrass cover, 
however, many fields have irrigation limitations as well. Little research is available to 
recommend the best overseeding strategies on non-irrigated and pesticide-free athletic fields in 
southern New England. The objectives were to determine the effect of turfgrass species, cultivar, 
and seeding rate on i) turfgrass color and quality, and ii) percentage green vegetative and weed 
populations when overseeded under trafficked conditions. Each study was a randomized 
complete block design arranged in a 3 × 2 × 2 factorial with three replications. The first 
experimental factor, turfgrass species, had three levels: I) perennial ryegrass (Lolium perenne 
L.), II) tall fescue (Festuca arundinacea Scheb.) and III) Kentucky bluegrass (Poa pratensis L.). 
The second factor, overseeding rate, had two levels: I) high and II) low. The third factor, 
cultivar, had two levels: I) inclusion or II) exclusion of cultivars on the Turfgrass Water 
Conservation Alliance (TWCA) list. Mean responses across three on-site locations and three 
years indicated that species selection has the most influence on successful overseeding with little 
differences detected with rate of overseeding or cultivar selection. Perennial ryegrass had 
significantly higher color, quality, percent turfgrass cover, desirable species index and least 
percent weed cover compared to tall fescue and Kentucky bluegrass. The results also showed 
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that tall fescue performed better than Kentucky bluegrass in many categories. Based on the 
results of this study, the most effective overseeding strategy for improving playing surface 
conditions on heavily trafficked, non-irrigated, pesticide-free athletic fields in southern New 
England is overseeding with perennial ryegrass while Kentucky bluegrass would be the least 
effective.   
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Introduction 
Heavily used athletic fields receive intense traffic that can lead to increased soil surface 
compaction and reduced turf density (Brosnan et al., 2014: Carrow and Petrovic, 1992), resulting 
in reduced playing surface quality, i.e., increased surface hardness and decreased traction 
(Brosnan et al., 2014; Orchard, 2002). Above ground biomass is highly correlated with wear 
tolerance (Canaway, 1983) and ultimately impacts playing surface quality. Weed, insect, or 
disease infestations can threaten playing surface quality. These pests are problematic considering 
weeds, such as large crabgrass and white cover (Trifolium repens L.) have been shown to lose 
green cover 12 times faster than bermudagrass (Cynodon dactylon L.) under simulated athletic 
field traffic conditions (Brosnan et al., 2014). One pesticide-free (PF) management study showed 
that established turfgrass with fewer weeds was more traffic tolerant than turfgrass with high 
weed populations on a soccer field (Larsen et al., 2004b). Pesticides are typically used to manage 
pest populations to preserve the playing surface quality. Athletic field turfgrass under PF 
management, however, can exacerbate the challenges of sustaining acceptable playing surface 
quality (Bartholomew et al., 2015; Larsen et al., 2004b; Miller and Henderson, 2012).  
Preserving high levels of turfgrass density and cover on athletic fields is important to 
mitigating the risk of injuries (Chomiak et al., 2000; Dest and Ebdon, 2011; Harper et al., 1984). 
Research has shown a correlation exists between a degrading playing surface quality and an 
increased risk of injury (Chomiak et al., 2000; Dest and Ebdon, 2011; Harper et al., 1984; 
Orchard, 2002). One survey found that 21% (i.e., 44 out of 210 incidences) of high school 
football injuries could have been prevented or rendered less severe with higher quality playing 
surfaces (Harper et al., 1984). Another survey of 12 New England varsity or collegiate level 
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athletic fields reported 39% of injuries were related to a loss of turf density (Dest and Ebdon, 
2011).  
Aggressive and repetitive overseeding has been recommended as an effective method of 
sustaining or improving turfgrass density (Elford et al., 2008, Goddard et al., 2009; Harper et al., 
2016; Larsen and Fischer, 2005; Miller and Henderson, 2012; Minner et al., 2008; Stier et al., 
2008). Studies demonstrate that overseeding trafficked turfgrass can increase cover retention 
(Elford et al., 2008; Harper et al., 2016; Hoiberg et al., 2009; Miller and Henderson, 2012; 
Minner and Valverde, 2005; Minner et al., 2008) and reduce weed pressure (Elford et al., 2008; 
Goddard et al., 2009; Miller and Henderson 2012; Minner and Valverde, 2005; Rossi 2004). 
However, the success of overseeding established under trafficked conditions can be affected by 
many cultural practices.  
Effective overseeding to increase turfgrass cover varies based on turfgrass species, 
seeding rate and frequency of overseeding. Research has documented that turfgrass cover will 
increase with increasing rates of overseeding (Bornino et al., 2010; Harper et al., 2016; Hoiberg 
et al., 2009; Minner et al., 2008). Another important component to successful overseeding is 
irrigation availability. A non-irrigated, multi-use elementary school field was overseeded with 
perennial ryegrass (Lolium perenne L.) (PRG) at 49 to 293 kg ha-1 for eight sequential weeks in 
the fall and results showed that the 293 kg ha-1 seeding rate had the highest turf cover; i.e. total 
of 2344 kg ha-1 PRG seed over a 56-day period (Harper et al., 2016). Another study found that 
ten consecutive weekly overseeding applications of PRG seed at 292 kg ha-1 has the potential to 
increase turfgrass color, quality, cover and reduce weed pressure regardless of turfgrass 
management strategy under simulated traffic conditions (Miller and Henderson, 2012). One 
study, however, found that a single overseeding application of PRG had twice as much turf cover 
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compared to equivalent weekly applications half way through their traffic season, i.e. 46 and 
23%, respectively (Minner et al., 2008). Many factors, however, influence the success of 
overseeding; e.g. species selection, irrigation availability and environmental conditions (Elford et 
al., 2008; Harper et al., 2016; Larsen et al., 2004a; Larsen and Fischer, 2005; Stier and Koeritz, 
2008).   
Proper cool-season turfgrass species selection for athletic fields is important due to 
differences in traffic tolerance. Research differs regarding species rank in traffic tolerance, 
though most assert that PRG traffic tolerance is either slightly or significantly improved 
compared to Kentucky bluegrass (Poa pratensis L.) (KBG) (Canaway, 1983; Cereti et al., 2010; 
Dest et al., 2009; Fushtey et al., 1982) and tall fescue (Festuca arundinacea Scheb.) (TF) 
(Canaway, 1983; Minner and Valverde, 2005). For example, turfgrass established from seed 
containing higher PRG rates (% by weight) in mixtures with KBG showed more tolerance to 
traffic compared to high proportions of KBG seed (Bourgoin and Mansat, 1982; Stier et al., 
2005; Stier et al., 2008). This result is likely attributed to longer seed germination times for 
KBG. Kentucky bluegrass, however, has shown excellent recuperative potential post traffic 
(Cereti et al., 2010; Dunn et al., 2002; Minner et al., 2008) and superior drought stress recovery 
compared to PRG (Chai et al., 2010). Some studies, however, claim TF has similar traffic 
tolerance to PRG (Cereti et al., 2010; Cockerham et al., 1989). Research shows TF can create a 
deep root system (Qian et al., 1997) that can provide exceptional drought avoidance (Fu et al., 
2004; Gomez-Armayones et al., 2018; Orloff et al., 2016). Tall fescue can maintain a season 
long minimum turf quality when irrigated at 40 - 60% of ETa (i.e. actual evapotranspiration) 
whereas KBG needed irrigation to match 100% ETa (Fu et al., 2004). Additionally, research 
showed PRG needs 75% ETa (Candogan et al., 2015).  
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Proper cultivar selection can also impact athletic field turfgrass performance. Kentucky 
bluegrass cultivars evaluated for drought stress showed that cultivar selection can alter seasonal 
wilt-based stress resistance and irrigation needs up to 21.6 cm (Bremer et al., 2012). The 
Turfgrass Water Conservation Alliance (TWCA) evaluates and recommends cultivars that pass 
criteria specific for drought tolerance. An independent study found that among KBG cultivar 
blends, a TWCA cultivar blend had the lowest ET rates compared to common KBG cultivar 
blends (Harnock, 2018). Newer varieties of turf-type TF have shown improved turfgrass 
performance compared to older varieties (Carrow and Duncan, 2003; Park et al., 2009). These 
varieties of TF should be evaluated as an additional overseeding species in southern New 
England considering the exceptional drought tolerance of TF in a non-irrigated setting.  
A traffic study evaluated the establishment of TF on four seeding dates including, late 
summer, dormant (i.e. late fall), early and late spring (Stier and Koeritz, 2008). Football-type 
traffic was applied the following September and results showed that early spring seeding had the 
most turf cover and least weed encroachment compared to the previous fall treatments, which 
was attributed to winter injury (Stier and Koeritz, 2008). Another study evaluating turfgrass 
species establishment found that KBG was the slowest to establish compared to TF and PRG 
(Valverde and Minner, 2008). Furthermore, PRG is less sensitive to seeding dates for 
establishment than KBG (Stier et al., 2005; Stier et al., 2008) and TF (Valverde and Minner, 
2008).  
It is essential to determine if turfgrass cover, quality and weed populations on non-
irrigated athletic fields are affected by overseeding with turf-type tall fescue compared to the 
traditional species of KBG and PRG in southern New England. Additional research is needed to 
determine the most effective overseeding strategy for pesticide-free and non-irrigated sports 
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fields. The objectives were to determine the effect of turfgrass species, cultivar, and seeding rate 
on i) turfgrass color and quality, and ii) percent green vegetative, turfgrass and weed cover when 
overseeded under trafficked conditions.  
 
Materials and Methods 
A three-year field study was conducted on three different athletic fields in Connecticut. 
These locations included Hebron Elementary School, Lyman Middle School, and Shetucket Park 
in Windham, CT. All athletic fields selected were non-irrigated, managed pesticide-free, and 
used intensively. At each location, the study was centered in the highest wear portions of the 
athletic field. The first overseeding treatments were applied on 20 September 2016, and were 
repeated on four more occasions; 1 May 2017, 23 August 2017, 9 May 2018, 7 September 2018. 
The studies were initiated on a mixed stand of existing turfgrass species, i.e. PRG, KBG, TF, and 
annual bluegrass (Poa annua L.). Turfgrass at each location was mowed two or three times 
weekly at 6.3 cm height of cut.  
Soil samples were taken and analyzed at the University of Connecticut Soil Nutrient 
Analysis Laboratory using the Modified Morgan extraction method (University of Delaware, 
2011). The Shetucket Park multi-use athletic field is constructed on an Agawam fine sandy loam 
(coarse-loamy over sandy or sandy-skeletal, mixed, active, mesic Typic Dystrudepts) (USDA, 
2017) with a soil pH of 6.3 and 51 g kg-1 soil organic matter (SOM). Soil nutrient content for 
calcium (3716 kg ha-1), magnesium (314 kg ha-1), P2O5 (31 kg ha
-1), and K2O (367 kg ha
-1) were 
above optimum (AO), AO, excessive (E), and AO, respectively (SNAL, 2019). In Hebron CT, 
the Hebron Elementary school multi-use field was constructed on a Paxton and Montauk fine 
sandy loam (coarse-loamy, mixed, active, mesic Oxyaquic Dystrudepts) (USDA, 2017) with a 
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soil pH of 6.2. Soil nutrient content for calcium (1871 kg ha-1), magnesium (426 kg ha-1), P2O5 
(10 kg ha-1), and K2O (11 kg ha
-1) were below optimum (BO), AO, AO, and BO, respectively 
(SNAL, 2019). In Lebanon CT, the Lyman Middle school multi-use field was constructed on a 
Woodbridge fine sandy loam (coarse-loamy, mixed, active, mesic Aquic Dystrudepts) (USDA, 
2017) with a soil pH of 6.0 and 77 g kg-1 SOM. Soil nutrient content for calcium (3011 kg ha-1), 
magnesium (526 kg ha-1), P2O5 (8 kg ha
-1), and K2O (245 kg ha
-1) were all above optimum 
(SNAL, 2019).  
Each study was a randomized complete block design arranged in a 3 × 2 × 2 factorial 
with three replications. Blocks measured 8.2 m × 23.8 m and individual plots were 1.8 m x 2.7 
m. The first experimental factor, turfgrass species, had three levels: I) perennial ryegrass (Lolium 
perenne L.), II) tall fescue (Festuca arundinacea Scheb.) and III) Kentucky bluegrass (Poa 
pratensis L.). The second factor, overseeding rate, had two levels: I) high and II) low. Kentucky 
bluegrass was overseeded at 146 kg ha-1 and 293 kg ha-1 whereas PRG and TF were seeded at 
391 kg ha-1 and 781 kg ha-1. Seeding rates were based on pure live seed, which was calculated by 
multiplying pure seed and germination rate from the seed tags. The third factor, cultivar, had two 
levels: I) inclusion or II) exclusion of cultivars on the Turfgrass Water Conservation Alliance 
(TWCA) list. Treatment factors details are listed in Table 2.1.  
Prior to each overseeding, the seedbed was prepared by hollow-tine (1.7 cm outer 
diameter) cultivating in one direction using a Toro 648 walk-behind greens aerator (The Toro 
Company, Bloomington, MN) set to 5 cm × 5 cm spacing and to a depth of 6.5 cm with the cores 
returned within each plot. Each plot was raked to distribute cores and ensure surface uniformity 
of the plot surface before overseeding. Seed was pre-weighed and applied to the field surface of 
each plot seed using handheld shakers. The seed was then lightly incorporated into the soil with 
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the upside-down leaf rake. Subsequently, the experimental area was rolled with a weighted roller 
to promote seed-to-soil contact. Lastly, the plots were fertilized with 14-25-10 (Shaw’s Turf 
Food, Knox Fertilizer Company Inc., Knox, IN) at the rate of 27 kg N ha-1, 21 kg P ha-1, 17 kg K 
ha-1, and 43-0-0 (100% Polymer coated urea, Polyon®, Harrell’s Inc., Lakeland, FL) at a rate of 
49 kg N ha-1. The total fertilizer applied with each overseeding event was 76 kg N ha-1 and 21 kg 
P ha-1 and 17 kg K ha-1. 
Each location was evaluated using both qualitative ratings and quantitative 
measurements. After each overseeding event, data was collected at 14 d, 30 d, and then monthly 
until the subsequent overseeding event. Data collection was initiated in the fall of 2016 
(September – November), then subsequently from May – November of 2017 and 2018. Each 
study plot was qualitatively assessed for percent green cover, percent turf cover and percent 
weed cover. The total percent green cover included weed populations but excluded bare soil. 
Percent turfgrass cover was visually assessed to exclusively quantify desirable turfgrass while 
percent weed cover determined by visually assessing the difference between percent green and 
turfgrass cover.  Qualitative turf color and quality were rated based on a scale from 1 to 9, where 
1 represented the lowest color/quality, 6 was the minimally acceptable color/quality, and 9 
equaled the optimum color/quality rating. Starting in 2017, digital image analysis (DIA) 
(Karcher and Richardson, 2005; Richardson et al., 2001) was used to calculate percent green 
cover and dark green color index (DGCI) based on a digital image taken in a controlled light 
environment (Karcher and Richardson, 2003). One digital image per plot was quantified through 
Sigma Scan (Cranes Software International Ltd. Chicago, IL. 1991). Surface hardness was 
quantified using a Clegg Impact Soil Tester (2.25 kg hammer, Lafayette Instrument Co., 
Lafayette, IN) and averaged across three readings per plot (ASTM, 2010).  Each plot was 
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measured for volumetric water content (VWC) using a Field Scout TDR 300 (Spectrum 
Technologies, Inc. Plainfield, IL) soil probe averaged across five locations per plot.   
The qualitative assessments of color, quality, percent turfgrass cover and percent weed 
cover were combined to generate the Desirable Species Index (DSI) (adjusted Campbell, 2017). 
This index was modified to include qualitative percent turf cover on a 0-100 percent scale 
instead of a density rating (1 to 9 scale) (Campbell, 2017). This was generated to make a more 
encompassing turfgrass evaluation considering the individual ratings of color, quality, density 
and weed cover can influence one another. The adjusted calculations is the following (mean 
visual color × mean visual quality × [mean percent turf cover/10] × [100–mean percentage visual 
weed cover]/10,000) (Campbell, 2017). The percent weed cover variable was incorporated into 
the equation to count as a penalty towards the DSI.  
An analysis of variance was completed to test for significant treatment main effects (P 
<0.05) using the Mixed procedure with Fisher’s protected least significant difference (LSD) test 
to separate differences between significant treatments in SAS statistical software 9.4 (SAS 
Institute, 2013). Data were tested for violations of assumptions for parametric analyses 
(normality, homogeneity of variance, and non-additivity). These data failed the violation testing 
with the exception of color ratings and were log10 transformed prior to statistical analysis. The 
transformed data had a better fit statistic (smaller Akaike information criterion value) than non-
transformed data. The means presented in the results are the geometric means while the LSD 
separation test was based on the transformed data. The analysis of variance evaluated season as a 
fixed effect, and locations and years were considered random effects. Data collected during May 
and June, July and August, and September through November represented Spring, Summer, and 
Fall, respectively. When necessary, significant interactions were sliced by season for additional 
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data presentation. Individual dates within these time periods were pooled within seasons, and the 
means were used for the analysis of variance. 
Years 2016, 2017 and 2018 were considered a random effect, however, precipitation 
records by year are worth noting in a non-irrigated setting. According to the NOAA climate 
history of New London County, precipitation totals for 2016, 2017 and 2018 were approximately 
968 mm, 1,129 mm, and 1,450 mm, respectively. The closest weather station to each 
experimental location (Windham Airport, Windham, CT) reports the average annual 
precipitation is 1219 mm.  
 
Results 
Significant differences were observed primarily between turfgrass species with fewer 
differences found between cultivars and season (Table 2.2). Turfgrass species were significantly 
different in percent turfgrass cover, percent weed cover, DGCI, color, quality and DSI. Perennial 
ryegrass had significantly higher turfgrass cover (and lower weed cover compared to KBG, TF, 
and control treatments (Table 2.3 and Figure 2.1). Perennial ryegrass had 70.3 to 121.7% higher 
turf cover, and 48.6 to 51.4% lower weed cover than the remaining treatments (Table 2.3). Tall 
fescue exhibited higher turfgrass cover than KBG and control, but no differences in weed cover 
observed (Table 2.3). Percent green cover had no significant differences between treatment 
factors (Table 2.2). Qualitative percent turf cover had significant season main effect with no 
treatment effects for green cover or weed cover (Tables 2.2 and 2.3). Percent turf cover results 
showed a significant decrease each season from spring to summer and fall (Table 2.9).  
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No overseeded species provided acceptable turfgrass quality. However, PRG displayed 
higher turfgrass color and quality compared to the other species and control (Table 2.4). Tall 
fescue also had higher color and quality compared to KBG and control (Table 2.4). Perennial 
ryegrass had significantly higher DSI than TF, KBG and control (Table 2.5). Tall Fescue had a 
higher DSI than KBG and control (Table 2.5). Kentucky bluegrass was statistically similar to 
control treatments in percent turfgrass cover, percent weed cover, color, quality, and DSI (Tables 
2.3, 2.4 and 2.5).  
The quantitative results of the dark green color index (DGCI) showed significant 
differences for the main effects of species and cultivars (Tables 2.2, 2.6 and 2.7). Kentucky 
bluegrass had significantly lower DGCI than PRG, but similar to TF and control treatments 
(Table 2.6). The TWCA cultivars displayed significantly higher DGCI values compared to non-
TWCA cultivars with 0.506 and 0.501, respectively (Table 2.7). No significant differences in 
quantitative percent green cover were observed between species (Table 2.6) or cultivars (Table 
2.7).  
The results of VWC measurements showed a significant interaction between cultivar and 
season (Tables 2.2 and 2.8). These data show that TWCA cultivars were similar to non-TWCA 
in VWC measurements in the spring and fall seasons. However, during the summer the TWCA 
cultivars had higher VWC than non-TWCA cultivars with 18.5 and 17.5, respectively (Table 
2.8). TWCA was similar to non-TWCA cultivars in VWC measurements with the exception of 
summer (Table 2.8).  
A significant four-way interaction by season was detected for percent green cover (Table 
2.10). This interaction was simplified by separating the interaction by season with significance 
detected in the fall (Table 2.10). During the fall, the low seeding rate of PRG-TWCA (391 kg ha-
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1) had significantly higher percent green cover than the remaining treatments except for the high 
seeding rates of PRG-Non-TWCA and TF-TWCA (782 kg ha-1; Table 2.10). The remaining 
treatments were statistically similar apart from the high seeding rate of KBG-Non-TWCA (292 
kg ha-1), which was the lowest performing treatment (Table 2.10). Surface hardness 
measurements (Clegg) had no significance between treatment factors with average values from 
55.4 to 60.4 g-max (data not shown), which falls within standard ranges for athletic field use 
(ASTM, 2007; Baker et al., 2007). 
 
Discussion  
The results from this study support existing research that suggests aggressively 
overseeding trafficked turfgrass can improve cover retention and reduce weed populations 
(Elford et al., 2008; Miller and Henderson, 2012; Minner and Valverde, 2005; Rossi, 2004). 
Turfgrass species selection resulted in the greatest variability compared to rate and cultivar 
(Table 2.2). The variation of turfgrass species establishment success is likely attributed to seed 
germination rate and the ability to persist under trafficked conditions. Similar to the inferences 
made from previous research, the seed germination rate of PRG, TF and KBG affects turfgrass 
establishment (Larsen and Bibby, 2005; Stier et al., 2005; Stier et al., 2008; Valverde and 
Minner, 2008). For example, Stier et al. (2008) found that PRG seed establishment was less 
sensitive to various seed timings compared to KBG. 
The results show that species selection was the most important factor determining 
successful overseeding compared to cultivar and rate (Table 2.2). Perennial ryegrass is the most 
suitable turfgrass species for overseeding actively used, non-irrigated, pesticide-free athletic 
fields in southern New England. Overseeding with PRG resulted in 70.3 to 121.7% higher 
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percent turf cover and less than half the weed cover than TF, KBG and control (Table 2.3). 
Perennial ryegrass was higher in color and quality than the other treatments and maintained a 
minimum color rating of 6 (1 to 9 scale) despite no irrigation (Table 2.4). In addition, PRG 
treatments retained more desirable species with DSI values nearly four times higher DSI than TF 
and five times higher DSI than KBG. These results are similar to previous research where 
overseeding with PRG had higher turfgrass cover retention, fewer weed populations, and less 
sensitive to germination conditions than TF and KBG (Minner et al., 2008; Rossi, 2004; Stier et 
al., 2005; Stier et al., 2008).  
Cultivars and seeding rates had few meaningful differences compared to species, and 
therefore less likely to influence successful overseeding practices. The high and low overseeding 
rate displayed no significant differences apart from the four-way interaction of quantitative 
percent green cover (Table 2.10). However, that interaction shows that the low seeding rate of 
PRG-TWCA and KBG-non-TWCA was significantly higher than the high rate within cultivar 
(Table 2.10). Across species, cultivars and seasons, the high and low rates of overseeding were 
statistically similar, which does not support previous findings that higher seeding rates can 
improve turf density (Bornino et al., 2010; Harper et al., 2016; Hoiberg et al., 2009; Minner et 
al., 2008). Based on results of this study, increasing the seeding rate to improve turfgrass cover is 
not always recommended in non-irrigated situations, especially considering the additional cost of 
seed. 
It should be noted that seeding frequency was only twice per year while other research 
suggests that overseeding frequency and rate can impact the results of turfgrass establishment in 
trafficked conditions (Bornino et al., 2010, Harper et al., 2016; Rossi, 2004). More frequent 
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overseeding applications were not considered in this study, however, doing so could enable turf 
managers more opportunities to match seed applications with natural rainfall.  
Based on the results of this study, PRG is the most effective species for overseeding 
success to improve playing surface conditions for actively used, non-irrigated, pesticide-free 
athletic fields in southern New England. Furthermore, TF is more likely to enhance the playing 
surface compared to KBG on actively used, non-irrigated, pesticide-free athletic fields in 
southern New England. Further research is needed of overseeding frequency of PRG, TF, and 
KBG on non-irrigated, pesticide-free athletic fields. Additionally, more research is needed to 
demonstrate the efficacy of overseeding with TF in southern New England.  
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Table 2.1. Turfgrass species, cultivars and seeding rates 
evaluated at the three locations.   
   Rate§ 
Species† Cultivar Low High 
   -------- kg ha-1 -------- 
KBG TWCA‡ Full Moon 146 292 
KBG Non-TWCA Brooklawn 146 292 
PRG TWCA Manhattan 5 391 782 
PRG Non-TWCA Divine 391 782 
TF TWCA Falcon 4 391 782 
TF Non-TWCA Aztec 391 782 
† PRG, perennial ryegrass; TF, tall fescue; KBG, Kentucky 
bluegrass;  
‡ Turfgrass Water Conservation Alliance.  
§ Low rates were based on recommended overseeding rates while the 
high rate is double the recommended rate. 
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Table 2.2. Analysis of variance testing for significant differences (P≤0.05) for treatment factor combinations of species, rate, cultivar and 
season for three locations from 2016, 2017 and 2018.  
Source of variation 
Visual 
green 
cover† 
Visual 
turf 
cover† 
Visual 
weed 
cover‡ 
DIA 
green 
cover§ 
DGCI¶ Color# Quality# DSI†† VWC‡‡ Clegg§§ 
 ----------------------%----------------------       
  Species (Sp) NS ** * NS * * * * NS NS 
  Rate NS NS NS NS NS NS NS NS NS NS 
  Cultivar (Clt) NS NS NS NS ** NS NS NS NS NS 
  Season (Sea) NS * NS NS NS NS NS NS NS NS 
  Species × Rate NS NS NS NS NS NS NS NS NS NS 
  Species × Cultivar NS NS NS NS NS NS NS NS NS NS 
  Species × Season NS NS NS NS NS NS NS NS NS NS 
  Rate × Cultivar NS NS NS NS NS NS NS NS NS NS 
  Rate × Season NS NS NS NS NS NS NS NS NS NS 
  Cultivar × Season NS NS NS NS NS NS NS NS *** NS 
  Sp × Rate × Clt NS NS NS NS NS NS NS NS NS NS 
  Sp × Rate× Sea NS NS NS NS NS NS NS NS NS NS 
  Sp × Clt × Sea NS NS NS NS NS NS NS NS NS NS 
  Rate × Clt × Sea NS NS NS NS NS NS NS NS NS NS 
  Sp × Rate × Clt × Sea NS NS NS * NS NS NS NS NS NS 
*, **, ***, and NS represent significance at P < 0.05, 0.01, 0.001, and not significant (P > 0.05), respectively. NS, non-significant.  
† Qualitatively assessed for percent green cover and percent turfgrass cover 
‡ Qualitatively assessed for percent weed cover by subtracting turfgrass cover from green cover.  
§ Percent cover was determined using Sigma Scan software (Cranes Software International Limited, 1991): number of green pixels divided by 
total number of pixels. 
¶ Dark green color index (DGCI); the greater the number the darker the color green 
# Quality ratings: 1, dead and/or brown turf; 6, minimum acceptable quality; 9, optimum quality. 
†† The desirable species index was calculated as (mean visual color × mean visual quality × (mean percent turf × 0.1) × [100-mean percent weed 
cover]/10,000).  Mean percent weed cover was a penalty and mean percent turf was scaled down to color and quality with higher index numbers 
implying better athletic fields. 
‡‡ Comparison based on volumetric water content measurements averaged across five readings per plot. 
§§ Surface hardness was measured using a 2.25 kg Clegg impact hammer averaged across three readings per plot.  
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Table 2.3. Effect of species on qualitative visual 
percentage green cover†, turf cover† and weed cover† 
across rates, cultivars and seasons.  
Species§ 
Green 
Cover‡ 
Turf 
Cover 
Weeds 
Cover 
 -----------------%---------------- 
PRG 77.9 52.1 a 17.6 a 
TF 73.0 30.6 b 36.2 b 
KBG 66.7 24.5 c 34.3 b 
Control 65.0 23.5 c 35.0 b 
† Percent green, turf and weed cover were assessed visually 
on a 1 to 100 percent scale.  
‡ Means within columns followed by the same letter are 
not significantly different according to Fisher's Protected 
Least Significant Difference (P < 0.05). 
§ PRG, perennial ryegrass; TF, tall fescue; KBG, Kentucky 
bluegrass.  
 
 
 
 
Table 2.4. Effect of species on visual turfgrass 
color† and quality† across rates, cultivars and 
seasons.  
Species§ Color‡ Quality 
PRG 6.0 a 5.5 a 
TF 4.9 b 4.2 b 
KBG 4.6 c 3.8 c 
Control 4.4 c 3.8 c 
† Quality ratings: 1=dead and/or brown turf; 
6=minimum acceptable quality; 9=optimum quality. 
‡ Means within columns followed by the same letter 
are not significantly different according to Fisher's 
Protected Least Significant Difference (P < 0.05). 
§ PRG, perennial ryegrass; TF, tall fescue; KBG, 
Kentucky bluegrass. 
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Table 2.5. Effect of species on desirable species 
index† across rates, cultivars, and seasons.  
Species§ Desirable Species Index‡ 
PRG 1.40 a 
TF 0.37 b 
KBG 0.25 c 
Control 0.22 c 
† The desirable species index was calculated as (mean 
visual color × mean visual quality × (mean percent 
turf × 0.1) × [100-mean percent weed cover]/10,000).  
Mean percent weed cover was a penalty and mean 
percent turf was scaled down to color and quality with 
higher index numbers implying better athletic fields. 
‡ Means followed by the same letter are not 
significantly different according to Fisher's Protected 
Least Significant Difference (P < 0.05). 
§ PRG, perennial ryegrass; TF, tall fescue; KBG, 
Kentucky bluegrass. 
 
 
Table 2.6. Effect of species on dark green color 
index (DGCI) † and percent green cover‡ across 
rates, cultivars, and seasons. 
Species¶ DGCI§ Green cover 
  -----%----- 
PRG 0.509 a 76.0 
TF 0.502 ab 73.7 
KBG 0.500 b 70.5 
Control 0.500 ab 68.5 
† Dark green color index (DGCI); the greater the 
number the darker the color green. 
‡ Percent cover was determined using Sigma Scan 
software (Cranes Software International Limited, 
1991): number of green pixels divided by total 
number of pixels.  
§ Means in columns followed by the same letter are 
not significantly different according to Fisher's 
Protected Least Significant Difference (P < 0.05). 
¶ PRG, perennial ryegrass; TF, tall fescue; KBG, 
Kentucky bluegrass. 
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Table 2.7. Effect of cultivars on dark green color 
index (DGCI)† and percent green cover‡ across 
species, rates, and seasons.  
Cultivar¶ DGCI§ Green Cover 
  ------%------ 
TWCA 0.506 a 74.5 
Non-TWCA 0.501 b 72.2 
† Dark green color index (DGCI); the greater the 
number the darker the color green.  
‡ Percent green cover was determined using Sigma 
Scan software (Cranes Software International Limited, 
1991): number of green pixels divided by total number 
of pixels. 
§ Means in columns followed by the same letter are not 
significantly different according to Fisher's Protected 
Least Significant Difference (P < 0.05). 
¶ TWCA, Turfgrass Water Conservation Alliance. 
 
 
Table 2.8. Effect of cultivars and seasons on volumetric water content (VWC)† 
measurements across species and rates.  
Cultivar§ Spring Summer Fall 
Seasonal 
Means‡ 
 -------------------------------%---------------------------- 
TWCA 24.4  18.5 a 19.4 20.7 
Non-TWCA 23.6  17.5 b 19.2 20.1 
† Comparison based on volumetric water content measurements averaged across five 
readings per plot.  
‡ Means in column within seasons followed by the same letter are not significantly 
different according to Fisher's Protected Least Significant Difference (P < 0.05). 
§ TWCA, Turfgrass Water Conservation Alliance 
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Table 2.9. Effect of seasons on qualitative percent green 
cover†, turfgrass cover† and weed cover† across species, 
rates and cultivars.  
Season§ 
 Green 
Cover‡ 
 Turf 
Cover 
 Weed 
Cover 
 --------------------%------------------- 
Spring 82.1 48.2 a 23.6 
Summer 91.8 33.3 b 42.0 
Fall 56.6 26.0 c 25.2 
† Percent green, turf and weed cover were assessed visually on a 
1 to 100 percent scale.  
‡ Means in columns followed by the same letter are not 
significantly different according to Fisher's Protected Least 
Significant Difference (P < 0.05).  
 
 
   
 
103 
 
Table 2.10. Effect of species, cultivar, rate, and seasons on quantitative percent green cover† from three locations and three years.  
 Spring‡ Summer Fall  
 TWCA Non-TWCA TWCA Non-TWCA TWCA Non-TWCA 
Seasonal 
Means Species¶ 
High
§ 
Low§ High Low High Low High Low High Low High Low 
PRG 92.9 88.4 91.4 88.9 87.9 89.3 84.3 87.6 53.7 bc 61.0 a 56.0 ab 52.1 bc 76.0 
TF 83.3 84.8 87.2 84.1 91.4 89.2 88.5 87.5 55.4 abc 51.5 bc 51.6 bc 53.7 bc 73.7 
KBG 82.9 78.5 80.2 77.4 88.1 90.6 87.6 89.0 51.5 bc 54.4 bc 43.0 d 49.9 c 70.5 
Control 75.2 75.2 75.2 75.2 88.4 88.4 88.4 88.4 48.4 bc 48.4 bc 48.4 bc 48.4 bc 68.5 
† Percent green cover was determined using Sigma Scan software (Cranes Software International Limited, 1991): number of green pixels divided by 
total number of pixels. 
‡ Means across columns and across rows within the fall followed by the same letter are not significantly different according to Fisher's Protected LSD 
(P < 0.05). 
§ High and Low are rates of overseeding; PRG and TF were applied at 391 and 782 kg ha-1 while KBG was applied at 146 kg ha-1 and 292  kg ha-1. 
¶  Abbreviations; PRG, perennial ryegrass; TF, tall fescue; KBG, Kentucky bluegrass; TWCA, Turfgrass Water Conservation Alliance 
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Figure 2.1. Effects of species on qualitative percentage 
turf and percentage weed cover across rates, cultivars and 
seasons. Means with the same letter are not statistically 
different according to Fisher’s protected LSD (P<0.05).  
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Chapter 3: Temporal Quantification of Foliar Dislodgeable Residues from Sports Turf 
Abstract  
 Human health concerns of pesticide use on athletic fields led to strict pesticide bans on 
Connecticut school and daycare grounds Kindergarten through 8th grade on 1 July 2010. This 
concern is held by the American Academy of Pediatrics that suggests pesticide exposure can lead 
to health consequences and that reducing children’s exposure to pesticides should be the goal. 
Residues from pesticides can be dislodged many hours or days after application. However, 
residues can be affected by many cultural and environmental variables such as mowing, 
precipitation, and the product formulation. Less research has been conducted on athletic fields; 
the majority of which studied 2,4-Dichlorophenoxy-acetic acid residues on warm-season 
turfgrass. The objective of this study was to quantify foliar dislodgeable residues on Kentucky 
bluegrass cut at 6.3 cm following the application of two herbicides in two formulations sampled 
at post application time intervals of 0, 1, 3, 5, 7, 9, and 14 days after treatment (DAT). Residue 
samples were collected with a modified California roller over a cotton cloth at 0500 hr to 
maximize the detection of residues. The results of this study showed that all active ingredients 
decreased with DAT, however, the cause for the greatest reduction was likely precipitation on 
day 2 in 2016 and day 4 in 2017. Residues from the sprayable formulation of 2,4-D and dicamba 
increased from 0 DAT to the following morning at 0500 hr (1 DAT). Prior to precipitation for 
either year, residues detected indicate that granular formulations were significantly less than 
sprayable formulations with few exceptions. Both formulations of dithiopyr were watered-
incorporated per label instructions, which likely contributed to relatively low residues on 0 DAT 
in 2016 and 1 DAT through 3 DAT in 2017. The evidence suggests that dislodgeable residues 
are detectable up to 14 days after treatment, however, well below the EPA’s NOAEL risk 
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assessment for physical activity on treated turfgrass for children. Based on the results, applying 
pesticides in a granular formulation instead of a sprayable formulation and using irrigation post 
application to transport pesticide residues below the turfgrass foliage can be effective means to 
reduce pesticide residues. Lastly, refraining from scheduling athletic activities in the morning 
hours when pesticide applications have recently taken place can also reduce potential exposure 
risks. Implementing these strategies can significantly reduce the risk of human exposure to 
pesticide residues.    
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Introduction  
Human exposure to pesticide residues on athletic fields has raised public concern due to 
potentially negative health effects. Research indicates that humans can be chronically exposed to 
low-doses of pesticide residues from a variety of sources (Hill et al., 1989; Roberts et al., 2012). 
Children have a higher risk of exposure than adults for reasons including; infrequent hand 
washing (Freeman et al., 2001), frequent hand-to-mouth contact, and dietary ingestion per body 
weight (Freeman et al., 2001; Freeman et al., 2005; Roberts et al., 2012). Additionally, children’s 
higher levels of physical activity increase the likelihood of pesticide residue exposure from 
contacting indoor floor surfaces (Nishioka et al., 2001), and outdoors lawns (Freeman et al., 
2001).  
Pesticide residues from an outdoor turfgrass application can be translocated onto indoor 
surfaces. Residues have been detected in residential carpet dust, carpet surfaces (Nishioka, et al., 
1996; Nishioka et al., 2001; Nishioka et al., 2002), on window sills, table tops, and floors 
(Nishioka et al., 2001). These findings are supported with biomonitoring evidence that shows the 
presence of 2,4-Dichlorophenoxy-acetic acid (2,4-D) in urine samples of 85% of preschool-aged 
children and adults in 80% of homes sampled in North Carolina and Ohio (Morgan et al., 2008). 
They suspect the 2,4-D was tracked in by occupants or air infiltration from nearby sprayed lawns 
(Morgan et al., 2008). Typical recommendations suggest allowing reentry to pesticide treated 
turfgrass once the application has dried on the foliage, however, studies have shown that 
pesticide residues can dislodge from turf foliage many hours or multiple days after treatment 
(DAT) (Bernard et al., 2001; Harris and Solomon, 1992; Hurto and Prinster 1993; Krolski et al., 
2009; Nishioka et al., 1996; Nishioka et al., 2002; Sears et al., 1987; Thompson et al., 1984). 
Similar results were found on golf courses (Cisar et al., 2002; Clark et al., 1999; Clark et al., 
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2007; Ferrell et al., 2005; Murphy et al., 1996; Putnam and Clark, 2007; Putnam et al., 2008) and 
athletic fields (Gannon and Jeffries, 2014; Jeffries et al., 2016a, 2016b, 2016c; Jeffries et al., 
2017).  
Home lawn studies have found that dislodgeable residues (DR) of herbicide applications 
are detectable 10 or more DAT (Hurto and Prinster 1993; Nishioka et al., 1996; Thompson et al., 
1984), while insecticides can potentially dislodge up to 14 DAT (Hurto and Prinster 1993; 
Nishioka et al., 2002; Sears et al., 1987). However, one to three days after application, DR levels 
rapidly decrease compared to initial samples (Harris and Solomon, 1992; Hurto and Prinster 
1993; Krolski et al., 1993; Nishioka et al., 1996; Nishioka et al., 2002; Sears et al., 1987; 
Thompson et al., 1984).  
Dislodgeable residue research on golf courses typically focuses on determining golfer’s 
risk of exposure on a relatively short reentry period. For example, eight volunteers played 18 
holes of golf treated with insecticides [chlorphyrifos (CP) and carbaryl (CB)] one hour after the 
completion of post-application irrigation (Putnam et al., 2008). The results showed that waiting 
one hour reduced dislodgeable CP residues over 50% compared to playing golf immediately 
after post-application irrigation (Putnam et al., 2008) The dermal exposure of CP (Putnam and 
Clark, 2007) and CB (Putnam et al., 2008) could be reduced up to 50% by delaying golf 
activities one hour post treatment irrigation. These findings support that dislodgeable CP 
residues steadily declined for four hours post-application with the highest residues detected 
around the lower legs, lower arms, and hands (Putnam and Clark, 2007; Putnam et al., 2008), 
which coincided with areas of the body where skin is typically left uncovered or areas that 
contact turfgrass. Based on biomonitoring evidence, it was recommended that partial course 
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applications of CP would significantly reduce the exposure risk to golfers (Putnam and Clark, 
2007; Putnam et al., 2008).  
Athletic field users are likely to contact the turfgrass surface more frequently than those 
enjoying home lawns or golf courses yet, minimal research has been conducted on athletic fields 
for DR. 2,4-Dichlorophenoxy-acetic acid is the only pesticide studied for DR on hybrid 
bermudagrass [Cynodon dactylon (L.) Pers. × Cynodon transvaalensis Burtt-Davey, cv. ‘Tifway 
419’] managed as a sports field. These studies show that 2,4-D residues are detectable three or 
more DAT (Gannon and Jeffries, 2014; Jeffries et al., 2016a, 2016b; Jeffries et al., 2017). 
Results indicated that DR levels gradually decreased with each DAT and decreased from 
morning to afternoon sample timings (Gannon and Jeffries, 2014; Jeffries et al., 2016a, 2016b). 
On average, dislodgeable 2,4-D residues decreased 75% or more from 1 to 6-DAT at 0700 hr 
(Jeffries et al., 2016a, 2016b) and a 98% decrease from 0500 hr to 1300 hr 1-DAT (Gannon and 
Jeffries, 2014; Jeffries et al., 2016b).  
Furthermore, evidence indicates that 2,4-D residues may re-suspend on the leaf blades 
overnight with the presence of moisture that results in higher morning sample values than the 
afternoon of the previous day (Gannon and Jefferies, 2014; Jeffries et al., 2016a, 2016b). This 
suggests that each morning is the peak daily DR levels for that day following 2,4-D application, 
and thus is the time posing the greatest risk to field users.  
Previous research indicates that common maintenance practices can reduce dislodgeable 
pesticide residues such as mowing treated turfgrass (Magri and Haith, 2009; Thompson et al., 
1984). Precipitation is the most common variable attributed to reducing DR levels by 
transporting them off the foliage (Cisar et al., 2002; Gannon and Jeffries, 2014; Goh et al., 1986; 
Harris and Solomon, 1992; Jeffries et al., 2016a, 2016b; Nishioka et al., 1996; Putnam and Clark, 
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2007; Schleicher et al., 1995; Sears et al., 1987; Snyder and Cisar, 1998; Thompson et al., 1984). 
Applying a granular formulation compared to an equivalent sprayable formulation (Sears et al., 
1987; Thompson et al., 1984) can also reduce DR levels. These maintenance practices are 
important factors in reducing the risk of pesticide exposure.  
The residues of insecticide and herbicide applications have been studied in various home 
lawn, golf, and athletic field settings. However, most studies specifically on athletic fields 
included one herbicide, 2,4-D, applied on BG, and one instance of dormant BG with overseeded 
perennial ryegrass (Lolium perenne L.). Despite limited research, pesticides have been banned in 
Connecticut (State of Connecticut, 2009), New York (New York Department of Environmental 
Conservation, 2010), Ontario Canada (Government of Ontario, 2016), and restricted in many 
other states (Hurley et al., 2014). It is important to determine the persistence of residues 
remaining on athletic fields post application. Quantifying pesticide residues will provide 
lawmakers and regulators with science-based information when drafting future legislation and 
regulations to balance playing surface safety and protecting field users.  
The objective of this research was to quantify foliar dislodgeable residues on playing 
surfaces following the application of two herbicides in two formulations sampled at post 
application time intervals of 0, 1, 3, 5, 7, 9, and 14 days after treatment with initial samples 
collected prior to herbicide treatments. 
 
Materials and Methods 
A two-year field study was conducted at the University of Connecticut Plant Science 
Research and Education Facility in Storrs, CT (41⁰ 47’ 44.9268” N, 72⁰ 13’46.8156” W). The 
experiment was initiated on 12 July 2016 and repeated on 8 August 2017. The first year the study 
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was performed on a three-year-old monostand of ‘Granite’ Kentucky bluegrass (Poa pratensis 
L.) on a Woodbridge, fine sandy loam soil (coarse-loamy, mixed, active, mesic Aquic 
Dystrudepts). The following year the site was renovated and re-sodded on 23 May 2017 with a 
blend of Kentucky bluegrass cultivars including: ‘Everest’ (40%), ‘Wildhorse’ (20%), ‘Corsair’ 
(20%), and ‘Award’ (20%). Turfgrass was actively growing and managed to avoid moisture or 
abiotic stress factors. Nitrogen was applied at a rate of 24 kg N ha-1 with 45-0-0 (The Andersons 
Lawn Fertilizer Division Inc., Maumee, OH) on 8 June 2016 and 40-0-0 (Methex® Lebanon 
Seaboard Corporation, Lebanon, OH) at 49 kg N ha-1 on 27 July 2017. The study was mowed at 
6.4 cm twice weekly and the clippings were returned. The study was last mowed the morning 
before herbicides treatments were applied. Thereafter, no mowing or irrigation occurred and the 
entry into the research area was restricted. 
The study was arranged in a split-split plot design as a 2 × 2 × 8 factorial with three 
replicates, and main plots set out as a randomized complete block. Block size was 1.8 m × 29.3 
m and individual experimental plots were 0.9 m × 1.8 m. The main plot factor, herbicide 
formulation, included granular and sprayable. The subplot factor, herbicide, included a 3-way 
combination broadleaf herbicide (2,4-D, dicamba and mecoprop) and dithiopyr. The sub-subplot 
factor was days after treatment (DAT) when herbicide residue was collected, and included an 
initial, 0, 1, 3, 5, 7, 9, and 14 DAT.   
The combination herbicide was applied as a granular formulation of Ferti-lome Weed Out 
Broadleaf Control 1.85G (PBI/Gordon Corporation, Kansas City, MO) or sprayable formulation 
of Trimec Classic 0.33 a.i. kg L-1 (PBI/Gordon Corporation, Kansas City, MO). Trimec classic 
was applied at 1.5 kg a.i. ha-1 and Ferti-lome was applied at 1.25 kg a.i. ha-1. Dithiopyr was 
applied as granular Dimension 0.1G (0-0-7, Dow AgroSciences, Indianapolis, IN) or sprayable 
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Dimension 2EW (Dow AgroSciences, Indianapolis, IN). Both dithiopyr formulations were 
applied at 0.2 kg a.i. ha-1.  
Granular herbicides were applied to plots using a hand-held shaker jar. Prior to the 
application of the granular 3-way combination herbicide, the plots were watered with 6.4 mm of 
irrigation to improve adhesion of the herbicide granules to the foliage. Following application, 
granular and sprayable dithiopyr formulations were water incorporated with 12.7 mm of 
irrigation. All watering was in accordance to their respective labels and measured using a flow 
meter. Sprayable herbicides were applied with a Toro Multi Pro 1250 sprayer (The Toro 
Company, Bloomington, MN). The sprayer was calibrated to deliver 774 L ha-1 with AI11008 
nozzles (TeeJet Technologies, Springfield, IL) at 241 kPa traveling at 4.8 km h-1. To prevent 
driving on treated turfgrass and contaminating adjacent plots, the sprayer traveled in a 1.8 m 
wide alleyway between blocks. Additionally, plywood boards were positioned to minimize 
overspray or drift into adjacent plots.  
Samples were collected to determine how persistent herbicide residues were on foliage 
over time. Initial samples were collected one week before herbicide treatments were applied. 
Day 0 samples were taken immediately following the application. On day 1, 3, 5, 7, 9, and 14 
sample collection occurred between 0500 and 0630 hr.  
Sample Collection 
Residue samples were collected on a percale cotton cloth covered with a 4-mm thick 
plastic sheet, clamped to a polyvinyl chloride frame with internal dimensions of (0.9 m × 0.6 m), 
and placed on the turfgrass canopy. A modified California roller was rolled twenty passes on top 
of the plastic; down and back counted as two separate passes (Williams et al., 2008). After each 
sample was rolled, the plastic was discarded, and the frame was cleaned to minimize cross-
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contamination. The roller (13.6 kg) was 60 cm wide, 10 cm in diameter and foam-wrapped to 
help conform to small undulations on the surface of the ground. After collection, the cloth was 
placed in an amber colored jar (500 mL, Fisher Scientific, Hampton, NH), and put into a cooler. 
Samples were transferred to a -4º C freezer to minimize degradation of the active ingredients 
during storage. In 2016, each herbicide was applied to the designated subplots in all three 
replications before sampling was initiated. In 2017, treatment applications and samplings were 
completed for each subplot factor (herbicide) before moving to subsequent subplots to minimize 
variations between blocks associated with the herbicide drying on the foliage.  
Laboratory Analysis 
The laboratory testing was conducted by the University of Massachusetts Pesticide 
Laboratory in Amherst, MA. The products Trimec Classic (TrimC) and Ferti-lome Weed-Out 
(FLWO) were analyzed with liquid chromatography-mass spectrometry (LC/MS/MS; Alliance 
sample handler, Acquity TQD, Waters Corp. Milford, MA). Both Dimension formulations were 
analyzed with gas chromatography-mass spectrometry (GC/MS/MS; Model 7000C, Agilent 
Technologies, Santa Clara, CA). All samples were equilibrated to room temperature for two 
hours before 350 mL of methanol was added to the TrimC and FLWO samples while Dimension 
samples received 350 mL of acetone. All samples were then placed in a rotary shaker for one 
hour at 200 revolutions min-1 (Orbital Shaker 3590, Lab-Line, Dubuque, IA). Subsequently, 10 
mL from each sample was placed into 15 mL centrifuge tubes. All centrifuge tube solutions were 
reduced with an N-Evap (Organomation, Berlin, MA) set to 35ºC. The TrimC and FLWO 
samples were reduced to 0.5 mL while Dimension samples were reduced to 1 mL. Double 
distilled water was then added to TrimC and FLWO tubes to bring the volume to 1 ml with a 
50:50 ratio of methanol: H2O. Samples were placed on a vortex mixer (Vortex Mixer, VWR 
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Corp, Radnor PA) for 15 seconds and then placed in a centrifuge (VWR Clinical 50, VWR Corp, 
Radnor, PA) at 4000 revolutions min-1 for 5 minutes.  
Dimension samples were filtered into vials using a syringe with a PTFE filter (13mm, 
0.45µm pore size, Pall Corp., Port Washington, NY) and analyzed with gas chromatography-
mass spectrometry. The column (Agilent DB-5MS) was 30m long and had inner diameters of 
0.18 mm with a 0.18 µm inner coating. The column temperature program started at 80º C and 
raised to 300º C at 20º C min-1. Dithiopyr eluted from the column at 9.3 minutes with quantifying 
transitions of m/z 354 to 305 and a qualifying transition of m/z 286 to 210. TrimC and FLWO 
samples were filtered into vials using a syringe with a nylon filter (13mm, 0.2 µm pore size, Pall 
Corp., Port Washington, NY) and analyzed with a LC/MS/MS pump (Alliance sample handler, 
Acquity TQD, Waters Corp. Milford MA). The column used was an Atlantis T3, 2 x 100mm, 3 
µm particle size (Waters Corp. Milford MA). The HPLC mobile phase consisted of: A) ddH20 
with 0.1% formic acid and B) MeCN with 0.1% formic acid. The pump was operated at a flow 
rate of 0.200 mL min-1 with a column and sample temperature of 30º C and 20º C, respectively. 
2,4-D, dicamba and MCPP retention times were between six and ten minutes. Quantifying 
transition times were m/z 219 to 160 for 2,4-D, m/z 219 to 201 for dicamba, and m/z 213 to 141 
for MCPP.  
The limit of detection for all pesticides was determined at a signal-to-noise ratio at 5:1. 
Pesticide concentrations were quantified with an external calibration technique using linear 
regression models with peak area measurements based on standard response. Matrix blanks 
consisting of cloth identical to that used in the field were run with each sample set. Matrix spikes 
consisting of this same cloth amended with a known amount of each pesticide were also run with 
each sample set. Standard operating procedures were developed by the University of 
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Massachusetts Pesticide Laboratory in Amherst, MA (Doherty, 2017). Trimec Classic and Ferti-
lome Weed-Out samples were tested for all three active ingredients; 2,4-D, dicamba and 
mecoprop. Both Dimension formulations were tested for the only active ingredient; dithiopyr. 
The laboratory results quantified sample residues based on the percale cotton cloth with a surface 
area in contact with the turf of 0.57 m-2.  
The detection limits of the laboratory analysis improved from 2016 to 2017, i.e. the limit 
of detection (DOI) was lowered for each active ingredient. In 2016, 2,4-D and MCPP had a DOI 
of 0.39 µg sample-1 and 0.035 µg sample-1 in 2017. Dicamba had a DOI of 3.9 µg sample-1 and 
0.35 µg sample-1 in 2016 and 2017, respectively. In 2016, dithopyr had a DOI of 1.95 µg sample-
1 and 0.035 µg sample-1 in 2017. Any residue recovered below these limits was labeled ND, 
however, for statistical analysis purposes, all ND’s were considered half the detection limit. All 
days after treatment will be listed in the results section as 0 DAT for day 0, 1 DAT for day 1, etc. 
Statistical Analysis 
An analysis of variance was completed to test for significant treatment effects (P <0.05) 
using the Mixed procedure with Tukey’s test to separate significant differences between 
treatments in SAS statistical software 9.4 (SAS Institute. Cary, NC. 2013). Residue data in 2016 
and 2017 were analyzed separately because of the differences in collecting residue samples. 
Before statistical analysis, the residues detected for the granular formulation of FLWO (2,4-D, 
dicamba and MCPP) were multiplied by 1.17 to offset the original application that was 17% less 
than the sprayable formulation (TrimC). Both years of residue data were tested violations of 
assumptions parametric analyses (normality, homogeneity of variances, and non-additivity). 
These data failed the violation testing and were log10 transformed prior to statistical analysis. For 
both data sets, the transformed data had a better fit statistic than non-transformed data. In 2016, 
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Dimension samples seven days after treatment were not lab tested and therefore, not part of the 
statistical analysis. The means separation tests are based on the transformed data, however, the 
values represented in the results are the geometric means. Lastly, all samples noted as non-detect 
(ND) were assigned a value of half their respective detection limit so they could be included in 
the analysis of variance. Detection limits in 2016 were 0.39 µg sample-1 for 2,4-D and MCPP, 
3.9 µg sample-1 for dicamba, and 1.95 µg sample-1 for dithiopyr. In 2017, detection limits were 
0.035 µg sample-1 for 2,4-D, dicamba and dithiopyr, and 0.35 µg sample-1 for dicamba.  
 
Results 
Significant main effects were observed across all three factors for both years: active 
ingredient, formulation, and DAT (Tables 3.2 and 3.3). Significant interactions were also 
observed across all combinations of the three factors for 2016 and 2017 (Tables 3.2 and 3.3). 
Mean dislodgeable pesticide residues extracted from each treatment are summarized in Tables 
3.2 and Table 3.3.  
 
2016 
On D0 and D1, the sprayable formulation (SF) of each active ingredient had significantly 
more residues detected than the granular formulation (GF) with the exception of dithiopyr on D1 
(Table 3.2). On D0, the GF residues of 2,4-D, MCPP, and dicamba were 1.12%, 2.37%, and 
0.98% of their respective SF values. Apart from dithiopyr, each active ingredient within SF had 
similar residues on D0 and D1, but reduced substantially by D3 (Table 3.2). Residues of 2,4-D 
dropped 98% from D1 to D3 (i.e. 2200 to 32 µg m-2) with similar rates of decline of MCPP and 
dicamba between D1 and D3. All reductions in residues were likely due to the first precipitation 
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event of 7.4 mm on D2 (Table 3.4). Dithiopyr, however, reduced to below the detection limit 
(1.95 µg sample-1) prior to the precipitation on D2 (Table 3.2).  
The residues detected of 2,4-D, MCPP and dicamba decreased significantly from D3 to 
D7 (Table 3.2). However, 2,4-D, MCPP and dicamba residues increased by D9 and D14 to be 
statistically similar to D3. For example, the SF of 2,4-D on D3 (32.5 µg m-2) had higher residues 
than 3.7 µg m-2 on D7, but similar values to D9 and D14 at 14.2 µg m-2 and 12.9 µg m-2, 
respectively (Table 3.2). The SF of dicamba and MCPP exhibited similar trends to 2,4-D. The 
GF of 2,4-D and MCPP were ND on D5, while dicamba was ND on D3. The GF of 2,4-D was 
detected again on D14 with similar results compared to the halved detection limit (0.39 µg 
sample-1) (Table 3.2).  
 
2017 
The residues detected in SF of 2,4-D, MCPP and dicamba were similar on D0, D1 and 
D3, with the exception of MCPP on D3 (Table 3.3). Furthermore, these active ingredients 
exhibited significantly higher residues compared to their respective GF. The highest residues 
detected in GF for 2,4-D, MCPP and dicamba were collected on D1 while dithiopyr had more 
residues on D0 (Table 3.3). The residues of 2,4-D, MCPP and dicamba had significantly more 
residues on D0, D1, and D3 than in the GF. Most of the active ingredients and formulations 
residues detected reduced significantly from D3 to D5. The SF of 2,4-D, MCPP and dicamba had 
an average reduction in detectable residues of 99% from D3 to D5 while the GF reduced 95% on 
average (Table 3.3). These reductions, similar to the 2016 results, were likely due to 6.1 mm of 
precipitation on D4 in 2017 (Table 3.4).  
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Following the precipitation on D4, few meaningful differences between DAT within 
active ingredients were observed. Compared to the other active ingredients, the SF of 2,4-D and 
dicamba retained the highest levels of residue at 5 DAT and did not exhibit any significant 
reduction in residue level until 14 DAT (Table 3.3). Dislodgeable residue levels of dithiopyr in 
GF on D1 and SF on D3 remained statistically similar for the remainder of the experiment across 
formulations. The SF of dithiopyr on D0 had significantly greater residues at 60.8 µg m-2 than the 
GF (8.4 µg m-2) and the SF on D1 (3.5 µg m-2) (Table 3.3).  
 
Discussion 
The results of these studies suggest that herbicide residues decrease with DAT, however, 
the likely cause for the greatest reduction is precipitation. Similar results were observed in many 
studies where the decrease of residues coincided with precipitation, specifically between D2 in 
2016 and D4 in 2017 for this study (Gannon and Jeffries, 2014; Harris and Solomon, 1992; 
Jeffries et al., 2016a, 2016b; Schleicher et al., 1995; Snyder and Cisar, 1998; Thompson et al., 
1984). It should be noted that additional precipitation occurred after D2 in 2016 and D4 in 2017, 
yet the dislodgeable residues were minimally affected (Table 3.4). In 2016, for example, despite 
10.4 mm of precipitation on D10, no differences were found between D9 and D14 residues 
within active ingredients and across formulations (Table 3.2). It is clear that the initial 
precipitation event post application has an effect on dislodgeable residues. This indicates that 
post application precipitation is likely a stronger factor than DAT in determining the reduction of 
dislodgeable residues, particularly when that precipitation occurs relatively soon after application 
(i.e. within 3 DAT). 
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This also suggests where irrigation is available, irrigating once the product is rainfast 
(dry) can be an effective means to reduce dislodgeable foliar residue exposure. Alternatively, 
timing pesticide applications before moderate precipitation following application may also 
reduce dislodgeable residues. Moreover, these results show the most effective means to reduce 
residues is the use of GF instead of SF. Thompson et al. (1984) and Sears et al. (1987) had 
similar results in that significantly fewer residues were detected in a GF than equivalent SF 
applications. This suggestion, however, does not consider formulation efficacy. On the other 
hand, neither post application precipitation nor formulation differences eliminated the risk 
pesticide residue exposure. It should be restated, however, that this research was intentionally 
sampled at 0500 hr to retrieve the maximum dislodgeable residues (Gannon and Jeffries, 2014).  
Assessing the potential harmful effects of the remaining residues can be calculated based 
on the EPA’s Standard Operating Procedure algorithm for dermal exposure of physical activities 
on treated turfgrass with details outlined in Table 1 (USEPA, 2012):  
                                                            E = TTRt × CF1 × TC × ET    [Eq. 1] 
Table 3.1. EPA standard operating procedure algorithm† for physical 
activity on treated turfgrass.  
Input Variable Abbreviation Value 
Exposure E mg d-1 
Transferable turf residue‡ TTRt μg cm-2 
Residue unit conversion factor CF1 0.001 mg μg-1 
Transfer coefficient§ TC 49,000 cm-2 hr-1 
Exposure time¶ ET 1.5 hr d-1 
† All variables in algorithm were generated by the EPA pesticide residue exposure 
testing (USEPA, 2012).  
‡ Transferable turf residues on any given day following an application in cm-2. 
§ Represents the residue transfer coefficient recommended for 1 to 2-year-old 
children (USEPA, 2012).  
¶ Represents the recommended exposure in hr d-1 for 1 to 2-year-old children. 
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The EPA provided the values for TC and ET, while the TTRt value represents the 
residues detected in this experiment. After calculating the values from Tables 3.2 and 3.3 with 
this algorithm, the new values were adjusted for the dermal absorption rate of each active 
ingredient. The EPA has a 10% dermal absorption rate for 2,4-D (USEPA RED, 2005), 15% for 
dicamba (USEPA RED, 2006), and 0.08% for dithiopyr (Cowell et al., 1991). Subsequently, 
each active ingredient value is compared to its designated ‘No Observed Adverse Effects Level’ 
(NOAEL) in mg per kg body weight per day. Following EPA recommendations, the NOAEL for 
2,4-D (USEPA RED, 2005), dicamba (USEPA RED, 2006) and dithopyr (USEPA, 1991) is 25 
mg kg-1 day-1, 45 mg kg-1 day-1, and 500 mg kg-1 day-1, respectively. The results of the algorithm 
adjusted for dermal exposure are then compared to NOAEL which are shown in Tables 3.5 and 
3.6. The NOAEL is not given for MCPP because no dermal toxicity was observed at 1,000 mg 
kg-1 day-1 (USEPA RED, 2007) and therefore, MCPP is not included in Tables 3.5 and 3.6. 
The residue exposure calculations adjusted for dermal adsorption and then expressed as a 
percentage of the NOAEL resulted in values below 1.0% for each active ingredient (Tables 5 and 
6). Considering all values were well below NOAEL risk assessment, statistical analysis of 
variance was not performed. The highest residues detected of 2,4-D (i.e. SF on D1 in 2016) 
equated to 0.6% of NOAEL (Table 3.5). On that same day and formulation, dicamba resulted in 
0.5% of NOAEL. Dithiopyr, at the highest residues detected, was less than one ten thousand of a 
percent of NOAEL (Table 3.6). Evidence from this study suggests that dislodgeable residues 
detected are well below the EPA’s NOAEL risk assessment for physical activity on treated 
turfgrass for children 1 to 2-years-old.  
It is important to note that this study did not receive the maintenance practices or traffic 
of a typical athletic field. Most importantly, athletic field turfgrass is frequently mowed whereas 
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this study was not mowed at any time, which likely affected the fate and transport of pesticide 
residues (Thompson et al., 1984). Nevertheless, the results of this study suggest that human 
exposure to pesticide residues is possible in early morning hours up to two weeks after 
application.  
This study shows that mitigating the risk of pesticide residues is possible post application. 
The simplest method is to apply pesticides in a granular formulation instead of a sprayable 
formulation. Secondly, using irrigation post application to transport pesticide residues below the 
turfgrass foliage. Lastly, refraining from scheduling athletic activities in the morning hours when 
pesticide applications have recently taken place. Implementing these strategies can significantly 
reduce the risk of human exposure to pesticide residues, however, it cannot completely guarantee 
athletic field activities is free from pesticide residue exposure.  
Additional research is needed to determine how the solubility of 2,4-D and dicamba can 
lead to residues re-suspending onto leaf surfaces multiple days and weeks after treatment. 
Furthermore, research is needed for the athletic field pesticide residues in relation to cultural 
practices such as mowing and clipping management. These results can help improve 
recommendations for minimizing potential exposure risks and help lawmakers make science-
based decisions concerning future legislation.  
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Table 3.2. Geometric mean dislodgeable residues in Kentucky bluegrass following the application of different herbicide 
active ingredients (a.i.) across both sprayable (SF) and granular (GF) formulations and days after treatment (DAT) in 2016.  
Active 
Ingredient 
 Days After Treatment 
Formulation 0 1 3 5 7 9 14 
  -------------------------------------------------- µg m-2 ----------------------------------------------- 
2,4-D† 
SF 1236.50 a# 2200.16 a 32.51 b 7.56 c 3.74 cde 14.18 bc 12.88 bc 
GF 13.85 bc 8.20 c 4.25 cd 0.35‡‡ e 0.35‡‡ e 0.35‡‡ e 0.71 de 
MCPP† 
SF 369.12 a 309.49 a 6.91 b 2.16 bc 0.58 c 1.99 bc 3.11 bc 
GF 8.75 b 0.35‡‡ c 3.12 bc 0.35‡‡ c 0.35‡‡ c 0.35‡‡ c 0.35‡‡ c 
Dicamba‡ 
SF 1211.83 a 2248.15 a 24.90 b 3.43‡‡ c 3.43‡‡ c 9.79 bc 11.79 bc 
GF 11.93 bc 9.09 b 3.43‡‡ c 3.43‡‡ c 3.43‡‡ c 3.43‡‡ c 3.43‡‡ c 
Dithiopyr§ 
SF 47.33 a 1.70‡‡ b 1.70‡‡ b 1.70‡‡ b 1.70‡‡ b -¶ - 
GF 6.72 b 1.70‡‡ b 1.70‡‡ b 1.70‡‡ b 1.70‡‡ b - - 
 ANOVA 
Source of variation         
   a.i. ***        
   Formulation (Form) ***        
   DAT ***        
   a.i. × Form  ***        
   a.i. × DAT ***        
   Form × DAT ***        
   a.i. × Form × DAT ***        
*, **, ***, and NS represent significance at P < 0.05, 0.01, 0.001, and not significant (P > 0.05), respectively. 
† 2,4-D and MCPP had a detection limit of 0.39 µg  sample-1. 
‡ Dicamba had a detection limit of 3.9 µg  sample-1. 
§ Dithiopyr samples had a detection limit of 1.95 µg  sample-1. 
¶ Dashes ‘-’ indicate no laboratory sampling took place because of four consecutive non-detects. 
# Means within a specific active ingredient across formulation and DAT followed by the same letter are not statistically different 
according to Tukey’s test (P<0.05).  
‡‡ The values represent half of the detection limit for statistical analysis purposes, however, these values were labeled ND from 
laboratory results. 
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Table 3.3. Geometric mean dislodgeable residues in Kentucky bluegrass following the application of different herbicide 
active ingredients (a.i.) across both sprayable (SF) and granular (GF) formulations and days after treatment (DAT) in 2017.  
Active 
Ingredient 
 Days After Treatment 
Formulation 0         1        3        5        7        9 14 
  --------------------------------------------------- µg m-2 --------------------------------------------------- 
2,4-D† 
SF 687.93 a¶ 762.16 a 369.60 a 4.39 cde 6.80 cd 2.02 def 0.58 f 
GF 4.90 cd 33.18 b 9.46 bc 0.89 ef 0.84 ef 0.52 f 0.08 f 
MCPP† 
SF 223.78 a 136.26 a 26.31 b 0.37 de 0.88 de 0.26 de 0.54 de 
GF 1.16 de 7.61 c 2.38 cd 0.12 de 0.40 de 0.12 de 0.07 e 
Dicamba‡ 
SF 652.90 a 791.62 a 367.66 a 3.74 cd 7.26 c 1.69 de 0.30†† e 
GF 3.91 cd 37.97 b 8.25 c 0.30†† e 0.30†† e 0.30†† e 0.30†† e 
Dithiopyr§ 
SF 60.79 a 3.46 bc 0.25 cd 0.03 d 0.05 d 0.03†† d 0.03†† d 
GF 8.36 b 1.02 cd 1.39 cd 0.03†† d 0.03†† d 0.03†† d 0.07 d 
 ANOVA 
Source of variation         
   a.i. ***        
   Formulation (Form) ***        
   DAT ***        
   a.i. × Form  ***        
   a.i. × DAT ***        
   Form × DAT ***        
   a.i. × Form × DAT ***        
*, **, ***, and NS represent significance at P < 0.05, 0.01, 0.001, and not significant (P > 0.05), respectively. 
† 2,4-D and MCPP had a detection limit of 0.035 µg sample-1 in 2017.  
‡ Dicamba had a detection limit 0.35 µg sample-1 in 2017.  
§ Dithiopyr samples had a detection limit of 0.035 µg sample-1 in 2017. 
¶ Means within a specific active ingredient across formulation and DAT followed by the same letter are not statistically different 
according to Tukey’s test (P<0.05).  
†† The values represent half of the detection limit for statistical analysis purposes, however, these values were labeled ND from 
laboratory results. 
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Table 3.4. Precipitation records† during the 
experimental days after treatment in 2016 and 2017.  
Days After Treatment 2016 2017 
 -----------mm----------- 
Initial 0.0 0.0 
0‡ 0.0 0.0 
1§ 0.0 0.0 
2 7.4 0.0 
3 0.3 0.0 
4 0.0 6.1 
5 0.0 0.0 
6 10.4 0.0 
7 1.0 0.3 
8 0.3 0.0 
9 0.0 0.0 
10 6.6 1.5 
11 0.0 0.0 
12 0.0 0.0 
13 0.3 0.0 
14 0.0 0.0 
† Climate conditions pulled from University of 
Connecticut weather station 137 meters from the 
experimental site.  
‡ DAT of ‘0’ is directly after application 
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Table 3.5. Daily residue exposure adjusted for dermal absorption and expressed as a percentage‡ of NOAEL† in Kentucky bluegrass following the 
application of different herbicide active ingredients across both sprayable and granular formulations and days after treatment in 2016.  
Active 
Ingredient 
  Days After Treatment 
Formulation NOAEL§ 0         1        3        5        7        9 14 
   ------------------------------------------- % NOAEL ----------------------------------------- 
2,4-D 
SF 25 mg kg-1 d-1 0.330 0.588 0.009 0.002 0.001 0.004 0.003 
GF 25 mg kg-1 d-1 0.004 0.002 0.001 9.4 E-05 9.4 E-05 9.4 E-05 1.9 E-04 
          
Dicamba 
SF 45 mg kg-1 d-1 0.281 0.522 0.006 0.001 0.001 0.002 0.003 
GF 45 mg kg-1 d-1 0.003 0.002 0.001 0.001 0.001 0.001 0.001 
          
Dithiopyr 
SF 500 mg kg-1 d-1 5.1 E-05 1.8 E-06 1.8 E-06 1.8 E-06 1.8 E-06 -¶ - 
GF 500 mg kg-1 d-1 7.2 E-06 1.8 E-06 1.8 E-06 1.8 E-06 1.8 E-06 - - 
†Abbreviations; NOAEL, no observable adverse effects level; SF, sprayble; GF, granular.  
‡ Percent is based on the equation E = (TTRt × CF1 × TC × ET) × dermal absorption rate × (NOAEL × 11 kg) × 100 (USEPA SOP, 2012).  
§ NOAEL is adjusted for 1 to 2-year-old child mean body weight of 11 kg (USEPA SOP, 2012). 
¶ Dashes ‘-’ indicate no laboratory sampling took place because of four consecutive non-detects. 
 
Table 3.6. Daily residue exposure adjusted for dermal absorption and expressed as a percentage‡ of NOAEL† in Kentucky bluegrass following the 
application of different herbicide active ingredients across both sprayable and granular formulations and days after treatment in 2017.  
Active 
Ingredient 
  Days After Treatment 
Formulation NOAEL§ 0         1        3        5        7        9 14 
   ------------------------------------------- % NOAEL ----------------------------------------- 
2,4-D† 
SF 25 mg kg-1 d-1 0.184 0.204 0.099 0.001 0.002 5.4 E-04 1.6 E-04 
GF 25 mg kg-1 d-1 0.001 0.009 0.003 2.3 E-04 2.2 E-4 1.4 E-04 2.1 E-05 
          
Dicamba‡ 
SF 45 mg kg-1 d-1 0.152 0.184 0.085 0.001 0.002 3.9 E-04 7.0 E-05 
GF 45 mg kg-1 d-1 9.0 E-04 0.009 0.002 7.0 E-05 7.0 E-05 7.0 E-05 7.0 E-05 
          
Dithiopyr§ 
SF 500 mg kg-1 d-1 6.5 E-05 3.7 E-06 2.7 E-07 3.2 E-08 5.3 E-08 3.2 E-08 3.2 E-08 
GF 500 mg kg-1 d-1 8.9 E-06 1.1 E-06 1.5 E-06 3.2 E-08 3.2 E-08 3.2 E-08 7.5 E-08 
†Abbreviations; NOAEL, no observable adverse effects level; SF, sprayble; GF, granular.  
‡ Percent is based on the equation E = (TTRt × CF1 × TC × ET) × dermal absorption rate × (NOAEL × 11 kg) × 100 (USEPA SOP, 2012).  
§ NOAEL is adjusted for 1 to 2-year-old child mean body weight of 11 kg (USEPA SOP, 2012). 
 
 
